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T his is the latest issue of “Science and Technology Trends — QuarterlyReview”.
National Institute of Science and Technology Policy (NISTEP) establishedScience and Technology Foresight Center (STFC) in January 2001 to deepen
analysis with inputting state-of-the-art science and technology trends. The
mission of the center is to support national science and technology policy by
providing policy makers with timely and comprehensive knowledge of important
science and technology in Japan and in the world.
STFC has conducted regular surveys with support of around 3000 experts inthe industrial, academic and public sectors who provide us with their
information and opinions through STFC’s expert network system. STFC has been
publishing “Science and Technology Trends” (Japanese version) every month
since April 2001. The first part of this monthly report introduces the latest topics
in life science, ICT, environment, nanotechnology, materials science etc. that are
collected through the expert network. The second part carries insight analysis by
STFC researchers, which covers not only technological trends in specific areas
but also other issues including government R&D budget and foreign countries’
S&T policy. STFC also conducts foresight surveys such as periodical Delphi
surveys.  
This quarterly review is the English version of insight analysis derived fromrecent three issues of “Science and Technology Trends” written in Japanese,
and will be published every three month in principle. You can also see them on
the NISTEP website.
We hope this could be useful to you and appreciate your comments andadvices.
T E R U T A K A K U W A H A R A
Director
Science and Technology Foresight Center
F o r e w o r d
Contact us: Science and Technology Foresight Center
National Institute of Science and Technology Policy
Ministry of Education, Culture, Sports, Science and Technology (MEXT)
1-3-2, Kasumigaseki, Chiyoda-ku,Tokyo 100-0013, Japan
Telephone  +81-3-3581-0605    Facsimile  +81-3-3503-3996
URL   http://www.nistep.go.jp/index-e.html
E-mail  stfc@nistep.go.jp
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Trends in RNA Research
In recent years, RNA molecules have been found to be highly functional, and
future progress in RNA research especially on ribozymes (RNA with enzyme-like
activity) and RNAi (gene expression inhibition mechanism via RNA), that are likely
to have broad industrial applicability, is expected to greatly facilitate the
advancement in this field. Moreover, the significance of the functions of RNA
molecules in the genetic information transfer process has been recognized,
resulting in greater necessity for broadening the scope of RNA research activities
in view of, for example, the promotion of comprehensive genome science
research.
In fact, the number of literature concerning RNA has increased dramatically
since the late 1980s, indicating that RNA research has gained great momentum.
Currently, RNA research is just in the formative stage, and, by strategically pursuing
ribonucleome research on all the RNA molecules in cells from now on, Japan will
be able to effectively carry out original RNA research.
The first thing to do to promote RNA research in Japan may be to incorporate
more researchers having vitality. This may require continual support such as the
provision of Grants-in-Aid for Scientific Research as well as the implementation of
a ribonucleome research project. In order to effectively run such a project, it is
desired that a system should be developed to conduct, for example, the
development of fundamental techniques, comprehensive RNA functional analysis,
and studies in RNA molecular engineering with industrial application in view, in a
comprehensive manner under the initiative of a research center, etc., which can
be the central engine. By making such initiative-taking efforts under a project in
conjunction with a wide variety of separate research activities performed with
funds such as Grants-in-Aid for Scientific Research at laboratories of universities,
national/public research institutions, etc., we can expect not only the qualitative
and quantitative promotion of RNA research in Japan but also the facilitation of
comprehensive genome science research on the whole.
(Original Japanese version: published in January 2003)
Trend of “Brain Science and Education” 
Researches
As a new strategic goal for brain science research, “cultivating the brain” was
proposed at a meeting of “Measures for the promotion of research and
development of life science” (Subdivision on R&D planning and Evaluation,
Council for Science and Technology, Ministry of Education, Culture, Sports, Science
and Technology; June 2002).The “cultivating the brain” is intended for elucidation
of brain development from infancy to adolescence, its application to education,
and elucidation of the learning function in adults and the elderly. In March 2002,
the Ministry of Education, Culture, Sports, Science and Technology established a
study meeting on researches of “brain science and education” to assess specific
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measures in this field.
Researches of “brain science and education” involve a new field just started
internationally. Bridging across and fusing many different fields make this field, and
the linking of the respective fields is important. Particularly, it is essential for
specialists in nursing and education and researchers of brain science and
medicine, who have hardly contacted each other before, to hold discussions.
To advance researches of “brain science and education,” it is necessary to
conduct such researches in liaison with other brain science researches to deepen
the understanding of high-level brain functions. If the development of
measurement techniques for brain functions is added to such liaison, it may lead
to a breakthrough in “brain science and education,” and it would be necessary for
us to take measures to develop a new technique to enable non-invasive kinetic
imaging of high-level brain functions in a natural environment, as well as a new
technological development to provide a simple and easy measurement of the
internal brain such as the hippocampus that plays an important role in memory.
The problem of education has significant social inf luence and requires
considerable time to verify hypotheses. Therefore, in applying the results of
fundamental researches such as the relationship between the sensitive period and
learning to education, it would be necessary to draw a conclusion after
conducting a large-scale longitudinal research based on a systematic program and
statistical analyses based on that.
(Original Japanese version: published in February 2003)
Background of the Establishment of a Control
System for Human Embryo in the UK and Its
Actual Function
— For the Construction of a Social Governance System of 
Life Science Technology in Japan —
The rapid progress of recent life science technology broke new ground in its
history, and, at the same time, it raised new social questions, i.e., questions of
bioethics. Life science technology may have a significant influence on individuals
and society, and, currently, it is recognized that life science technology is
inseparable from social solution of the questions of bioethics raised by the
progress. Accordingly, appropriate measures to deal with the situation are desired
in Japan.
Of foreign countries, in medical care and researches on human embryo and
production, the UK has realized a unique social system consisting of “the law, and
the control organization designated by law.” At the core of the system, there is a
highly independent control organization controlling the authorization right
(license system). What contributes to the system are: (i) the process to decide on
bills taking into account the social argument; (ii) positive establishment of
accountability in the specialists’ groups; (iii) inspection of the relevant institutions
in order to assure securing of the openness to general citizens and publicity work;
and (iv) a reasonable structure seeking the effectiveness such as the risk and
benefit assessment of the control organization and investigation and research
functions related to the measures and suggestions. That is, the system in the UK
can be said to be a system in which general citizens, specialists’ groups and the
government achieved success in the realization of both the practice of research
and medical care and social acceptance based on the authorization (license)
3
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system by a legally established special control organization.
The questions of bioethics raised by the progress of life science technology are
likely to increase and become more serious in the future, and, in order to work out
the solution, it may be the time that our country should aim at constructing a
social governance system (control system based on social self-decision) of life
science technology. In constructing a system fitting to our country, it would be
effective to refer to the existing, reasonably constructed system in the UK. That is,
after setting up an independent committee to handle the questions of bioethics,
construct an organization and a system in order to professionally solve questions
centering on the authorization system. With such a system as a skeleton, the basis
to deepen arguments on the questions of bioethics and the basis of the openness
and disclosure are likely to be formed in society.
(Original Japanese version: published in March 2003)
Trends in Bioinformatics Technology
After accomplishing the draft sequencing of human genome, the focus of
genome research is shifting from sequence to function. Japan has advantages in
fundamental technologies such as rice genome and, therefore, has great potential
to take the leading role in the international competition. For efficiently processing
vast amounts of data and discovering novel knowledge from them, an advanced
level of information technology is required. Bioinformatics is a new academic area
that systematically deals with such issues, which can be characterized as a tool for
narrowing down the combinatorial search domain of genome research issues and
enabling systematic, comprehensive analyses. For this purpose, an informatics-
based approach needs to be combined with an evaluation of analysis data based
on bioscience/medical knowledge.
Since the drastic increase of genome information may hinder their efficient use,
it is important to relate genomic sequence data with analysis data and to integrate
the terms used among databases. Furthermore, large-scale analysis requires larger
calculation power, which may be achieved by parallelization of the analysis
process. PC clusters and grids are methods for realizing high analysis levels at low
cost in individual laboratories. The focus of genome research is shifting from
sequence to function, from individual genes to comprehensive proteins, with the
role of bioinformatics being extremely important in this area.
Speed is an important factor in the area of bioinformatics, and many countries
are making rapid investments of research resources. Efforts on human resource
development are seen in Japan, but it has not yet become a nationwide
movement. Therefore, human resource development is an important task for our
country, requiring further development of talents with knowledge of both
informatics and bioscience/medicine. We must review university curricula and
research systems, and establish an environment where researchers and technicians
from informatics and bioscience/medical areas can conduct their research while
mutually sharing their knowledge and know-how. Furthermore, mutual exchange
of researchers and technicians between these two areas must be promoted.
(Original Japanese version: published in January 2003)
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Research Trends in Technology for
High-Reliability Software
— Toward the Establishment of 
Basic Software Technology —
Improvement of reliability in Software is demanded because it is software that
runs computers, which have already found use in many systems vital to our social
life. The productivity in software development processes has improved as
operating systems and programming languages become more standardized and
open, and as development styles in which many commercially available or free
software components are built in the program instead of making program from
the scratch become the mainstream. On the other hand, the reliability of
developed software products has become a concern as software products are
increasingly complex to realize massive functions for the system in addition to
reducing costs.
Software reliability technology is used to ensure reliability in individual stages of
software development, namely, system design, coding, and testing processes.
Reliability technology for the upper process (design process), is particularly
important among others, because it has a significant impact on the succeeding
processes.
Increased use of distributed software components and shortened development
periods have often led to inconsistent interfaces among software components and
insufficient checking of functional details.Therefore, testing software programs as
well as verifying software functions and performance are essential to ensure
reliability.
As a tool to design highly reliable systems and to check and verify systems,
formal methods, a methodology based on mathematical theory, have been studied
and applied to limited practical problems such as safety-critical systems. At the
present situation, the formal methods are applied to narrow limited field and
require many effort to use in software development, it is hoped that formal
methods make further advances as a next-generation reliability technology.
For the Japanese software industry to keep up with their counterparts in the
U.S., India and China, having high-reliability technology is one of the essential
elements.While importing a large number of basic software technologies from the
U.S., Japan has continued fundamental research on formal methods through its
universities. Japan could acquire its own unique high-reliability technologies by
exfoliating the results of such fundamental research into technologies to solve
practical problems through university-industry collaborative researches. Thus,
continuous government support directed toward this area is needed.
(Original Japanese version: published in March 2003)
Trends in Technological Development and 
Research on Waste Material Treatment Aimed
at Constructing a Recycling-Oriented Society
In order to construct a recycling-oriented society, the government has
introduced or promulgated five laws including recycling of container packaging,
and is engaged in various research and technological development in the form of
6
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industry-academia-government collaboration. At the same time, companies and
research institutions such as universities, etc., are hard at work on the three
recycling technologies of material, chemical and thermal recycling, as research and
technological development aimed at eliminating waste materials. Technological
development is progressing in the case of material and chemical recycling and
end-users of recycled products are increasing, but compared with ordinary
manufactured goods using virgin raw materials, there are many disadvantages in
securing raw materials and so forth. In the case of thermal recycling, electrical
power generation projects are advancing, and for the future there are high
expectations in methods that generate valuable gases from waste materials.
As a result of research and technological development, signs are also emerging
of collaboration between recycling businesses, where recycled products or energy
of one recycling business are utilized in the activities of another recycling
business. In the future, it is expected that artery industries, which use virgin raw
materials in their production activities, and vein industries, which use waste
materials as the raw material in theirs, will together form a strong relationship as a
social system.
While there are a few successful cases among efforts aimed at eliminating waste
materials, in future research and technological development of waste materials
treatment, it will be necessary to discuss many issues from a variety of
perspectives. From now on, it will be necessary even for universities to reflect the
needs of  municipalities in their research, and develop technology that they
demand. Furthermore, it is also conceivable that  municipalities will provide aid to
university research. In addition, measures to deal with fresh technical issues that
arise and the development of technology to improve cost-effectiveness will also
be necessary when upscaling and commercializing results obtained by uni-
versities. In this type of f low of technological development and commer-
cialization, a support plan to have vein industries function as a member of the
social system will also be vital.
(Original Japanese version: published in January2003)
Hydrogen Storage Materials
— Key Technology for The Wide Use of
Fuel-cell-powered Vehicles —
Demonstration projects for fuel-cell-powered vehicles are starting in Japan, the
U.S. and Europe in succession. The automobile industry belongs to one of the
fields in which Japan has the competitive technological capability to lead the
world. It holds great significance for Japan to lead the world in the development
of fuel-cell-powered vehicles not only with the international contribution Japan
makes as a forerunner of global environmental conservation activities but also for
the maintenance and development of Japan’s industrial competitiveness.
On December 2, 2002, the Japanese government purchased the first hydrogen
fuel-cell-powered vehicles. In order to expand the use of fuel-cell-powered
vehicles, it is necessary to achieve a cruising distance comparable to that of
gasoline-powered vehicles. To realize this, light and compact storage equipment
for loading the hydrogen fuel is indispensable and a hydrogen supply station
system must be established as the infrastructure. For this purpose, practical and
economical hydrogen storage technologies that enable temporary storage of
hydrogen and supply of the required amount of hydrogen, when needed, stably
7
p.73Nanotechnology
and Materials
8S C I E N C E  &  T E C H N O L O G Y  T R E N D S
and safely at an appropriate speed are required.
Although the pressurized hydrogen method and the liquid hydrogen method are
advancing in the development of hydrogen storage technology, neither technology
is mature yet. For pressurized hydrogen, lightweight hydrogen fuel tanks made of
aluminum strengthened against pressure with carbon fiber reinforced composite
material have been developed, and attempts to increase the resistance to pressure
are being made. For liquid hydrogen storage tanks, development of cryogenic
materials and studies on thermal insulation structure design are proceeding. For
hydrogen storage alloys, breakthrough technologies to realize lighter and durable
materials and to handle reaction heat are being sought. Carbonic materials and
chemical hydrides are relatively new materials, and nano-technology is expected
to play an important role in the creation and production of innovative hydrogen
storage materials.
The hydrogen storage technology is a key technology for hydrogen fuel-cell-
powered vehicles, as the ultimate clean vehicle, playing the role of harbinger of
the realization of hydrogen energy systems.Therefore, research and development
of hydrogen storage materials must be positively conducted.
(Original Japanese version: published in February 2003)
The Status and Direction of Energy Conservation
Technologies in the Consumer Sector
Energy consumption in Japan’s consumer and transportation sectors has
increased dramatically since the first oil crisis. In particular, energy demand by the
consumer sector is expected to surge in the future.There is thus a pressing need
to take energy conservation measures, placing particular emphasis on the
consumer sector. On the other hand, expansion of nuclear power generation that
contributes to reducing CO2 emissions is becoming increasingly unfeasible, while
CO2 emissions are on the rise due in part to the decommission of nuclear power
plants. Under these circumstances, the importance of “energy conservation” is
increasing toward achieving the CO2 reduction target set under the Kyoto
Protocol. The Council for Science and Technology Policy is pushing ahead with
R&D to improve the efficiency of energy conservation equipment, and research
on incentives designed to promote energy conservation measures.
It is quite important to develop energy conservation equipment by promoting
items conforming to the Top Runner system (an initiative to promote the
development of energy-efficient equipment), and establish/promote energy
management systems to efficiently control equipment through telecommunication
facilities. Another research is also underway to cut back on energy consumption
by properly adjusting the proportions of conventional energy sources (electric
power, gas, etc.) and decentralized power sources in accordance to the energy
consumption patterns of users. In this context, future R&D efforts should
concentrate on pursuing energy conservation based on the combinations of these
technologies, and contribute to achieving an energy conservation initiative that is
rational in the framework of society, taking into account the aspects of
environmental burden and cost efficiency.
A system adopted in California is expected to raise public awareness of energy
conservation and encourage citizens to take specific measures - the state govern-
ment, through this system, shoulders 20% of the electric bills of users who have
reduced electricity consumption by more than 20%. In promoting energy
p.88Energy
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conservation measures in the future, systems that offer this kind of economic
incentive should be considered for introduction.
(Original Japanese version: published in March 2003)
Changes in R&D Priorities Seen in The U.S.
President’s Fiscal 2004 Budget Message
On February 3, 2003, U.S. President George W. Bush delivered the fiscal 2004
Budget Message.The research and development budget for the federal government
as a whole is $122.7 billion, an increase of 6.7 percent over the previous year.
Announced while the situation in Iraq grows more critical, the president’s fiscal
2004 Budget Message greatly increases the defense development budget. The
increase in the Department of Defense budget, notably a 22 percent increase for
weapons systems development, is remarkable. The research and development
budget for the new Department of Homeland Security (DHS) is 31.5 percent
greater than last year, due largely to the creation of the Homeland Security
Advanced Research Projects Agency (HSARPA).
Furthermore, a shift in priorities from the life sciences to mathematics and
physics is visible.While the NIH budget increases a mere 2 percent following the
completion of its budget-doubling campaign, the Department of Energy’s (DOE)
research budget, which goes primarily to fields such as physics, and computer
science, increases by 8.1 percent.
The Budget Message must go to Congress, and with the space shuttle disaster,
the situation in Iraq, and the possibility of Congressional support for the life
sciences, it is very difficult to predict in what form the final budget will be passed.
(Original Japanese version: published in February 2003)
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Trends in RNA Research
MARIKO SHOJI, SHIN-ICHI MOGI
Life Science and Medical Research Unit
1.1 Introduction
Deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), proteins, lipids and carbohydrates are the
five principal biological macromolecules consti-
tuting living organisms (Figure 1).
DNA is the material carrying genetic infor-
mation, and proteins are produced based on the
information through by RNA molecules. Carbohy-
drates and lipids, which play important roles in
maintaining life together with proteins, are
secondarily produced in the process in which
proteins act as enzymes. Therefore, in order to
understand the true nature of life phenomena, it is
especially important to clarify the mechanisms
underlying the genetic information f low from
DNA to proteins.
Genetic information contained in DNA, which is
read by messenger RNAs (mRNAs) (this process is
called “transcription”), and the resulting tran-
scripts serve as the templates in the biosynthesis
of proteins (this process is called “translation”),
and is ref lected in the characteristics of
organisms. The word “genome” represents the
whole genetic information in DNA, and the series
of studies conducted by observing the flow of
genetic information are called genome science
research, etc.
Since the publication in February 2001 of the
fruits of the Human Genome Project, in which
sequencing of all the human genes had been
attempted, proteins have received the greatest
attention because they may form the next target of
life science research. All the intracellular/
extracellular proteins is called “proteome,” and
“proteome analysis” involves global analysis of
changes in the quantities and post-translational
Figure 1: Position of RNA research from the viewpoint of the genetic information transfer process
Source: Authors’ compilation based on references by Professor Kimitsuna Watanabe of the Graduate
School of Frontier Sciences, The University of Tokyo.
modifications of all the proteins. Various analytic
methods are used in proteome analysis, including
transcriptome analysis in which expression levels
of all the mRNAs coding for the proteome as well
as those not coding for proteins are measured. Not
only due to the fact that proteins, which are
directly involved in a very wide variety of vital
phenomena, serve as enzymes to facilitate
chemical reactions in vivo and as major essential
components of tissues of organisms, but also
because proteins are functional molecules that
may have direct industrial applications, proteome
analysis represents the field where fierce
international competition in research and
development has been fought.
Besides research from the viewpoint of the
genetic information f low mentioned above,
spotlight has also centered on carbohydrates
(sugar chains, in particular) that are involved in
intercellular recognition or interaction, with
glycome analysis, which is the analysis of
expression patterns of the whole set of
carbohydrate components, becoming another
focus of attention.
On the other hand, with regard to RNA,
transcriptome analysis has only been conducted to
quantitatively assess the change in mRNA
expression levels. However, against the backdrop
of recent progress in molecular biology and the
product of genome science research conducted so
far, the significance of RNA functions has drawn
researchers’ attention. For example, it has been
shown that mRNA expression patterns observed
in transcriptome analysis do not always correlate
with protein expression, indicating that functions
of RNAs themselves as well as phenomena at the
level of RNAs such as pottranscriptional mod-
ification of RNAs have great significance in genetic
information transfer. In addition, the fact that many
other functional RNA molecules than those in the
translation system including mRNA have been
discovered as well as the progress in research on,
for example, ribozymes, RNAs with enzyme-like
functions, and on the phenomenon called RNA
interference (RNAi), which recently gained
attention as the gene expression inhibition
mechanism via double-stranded RNA, have led to
the expectation that RNAs may have broad
industrial applicability.
Since the functions of RNAs have great
significance in the process of genetic information
transfer, further studies related to RNAs need to be
incorporated in future research on the field of
genome science. In consideration of such
necessity as well as the facts that RNAs are
functional molecules and that possibilities of
industrial application of RNAs as functional
molecules have opened up, the need for research
on RNA molecules themselves will further
intensify.
This article provides an overview of RNA
research, and discusses strategies for promoting
ribonucleome research, which is the global
analysis of all the RNAs in cells. The word
“ribonucleome” is a combination of the word
“ribonucleic acid (RNA)” and the suffix “- ome”and
means all the RNAs in cells in an organism.
1.2 Differences between DNA
and RNA
RNA in general is the molecule transcribed from
DNA by using the base sequence of DNA as a
template, and, like DNA, is formed as a chain of
unit structures comprising [a nitrogenous base + a
pentose sugar molecule + a phosphate molecule].
RNA is different from DNA in that, while four
types of bases including adenine (A), guanine (G),
cytosine (C) and thymine (T) can occur in DNA,
uracil (U) is used instead of thymine (T) in RNA as
well as that the constituent sugar molecule is
deoxyribose in DNA as compared with ribose in
RNA (Figure 2).
Due to these differences, three-dimensional
structures of RNA also greatly differs from that of
DNA. First, while DNA molecules take a double
helix structure, which is formed through hydrogen
bonding between the bases of two DNA strands,
RNA molecules, which are originally synthesized
as single strands, exhibit diverse conformational
structures where single and double strands coexist
in one RNA molecule because they often partially
fold themselves to form double strands. In
addition, ribose, the constituent sugar molecule in
RNA, has one more hydroxyl group (OH group) as
compared with its counterpart in DNA, i.e.,
deoxyribose, and has much higher chemical
reactivity. Therefore, RNA is an unstable molecule
12
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susceptible to degradation, leading to greater
difficulty in artificial synthesis of long RNA chains
and to the necessity of higher costs for research
activities as compared to DNA.
Another characteristic of RNA differentiating it
from DNA is that bases in RNA molecules may
undergo various modifications. The most widely
known example of such modification is the
addition of a structure called “cap” to the 5’ end of
eukaryotic mRNA, which carries out important
functions in the stabilization of mRNA, splicing,
transfer of mature mRNA molecules from the
nucleus to the cytoplasm, and so on. Many types of
modifications to RNA molecules that directly
affect their functions have been reported recently,
and approaches for studying RNA molecules as
well as modifications to them need to be
established.
In light of these principal characteristics of RNA
molecules, it may be necessary to: (1) develop
simple techniques for chemically synthesizing
RNA molecules with modifications; (2) develop
methods for isolating trace amounts of RNA with
high efficiency; and (3) increase the sensitivity of
mass spectrometry, in order to pursue future
research on RNA. At present, development of
research techniques for RNA lags far behind that
for DNA and proteins, so development of research
techniques is essential for RNA research from now
forward.
1.3 Life science literacy and
education
Key events in the progress of RNA research are
shown in Figure 3.
During the period from identification of RNA in
around 1940 to about 1970, research on RNA
focused on RNA molecules in the translation
system, with regard to RNA as the intermediary
that transfers genetic information on DNA to
synthesize proteins. RNA molecules in the
translation system include messenger RNA
(mRNA) carrying the genetic information copied
from DNA, transfer RNA (tRNA) that conveys
amino acids, and ribosomal RNA (rRNA) carrying
ribosomes.
In the late 1970s, introns (regions on DNA that
do not carry genetic information and are not
transferred to mRNA) gained the spotlight, and
studies were vigorously conducted on the
mechanisms of splicing, by which introns are
excised from precursor mRNA and only the
remaining exons, regions on DNA with genetic
information, are connected to create mature
mRNA molecules.
Since 1970, studies aiming at identifying RNA
molecules other than those in the translation
system had been pursued, and ribozymes (RNA
with enzyme-like activity) were discovered during
the early 1980s, resulting in dramatic progress in
13
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Figure 2: Structural differences between DNA and RNA
Source: Provided by Professor Kimitsuna Watanabe of the Graduate School of Frontier Sciences, The
University of Tokyo.
RNA research.The discovery of ribozymes has led
to wide recognition that RNA has dynamic
functions (functions in active reactions such as
catalytic reaction) and has renewed the traditional
common notion that all the in vivo reactions were
catalyzed by the enzymatic activities of proteins.
In addition, in the 1980s, the “RNA world”
hypothesis that the chemical evolution leading to
cellular life on earth likely passed through a stage
where RNA alone performed all of the functions
of the modern macromolecules RNA, DNA and
protein, was proposed (Gilbert, 1986) and gained
the spotlight.
Since the 1980s, it has become evident that RNA
and RNA-binding proteins are also deeply involved
in meiosis, development and differentiation as well
as such life phenomena of higher order as those in
the nervous system and pathogenesis. Moreover, in
the middle of the 1980s, the concept of structural
biology was introduced into the field of RNA
research, which aims to clarify the functions of
biological macromolecules based on their three-
dimensional structures revealed by X-ray crystal-
lography or nuclear magnetic resonance (NMR)
imaging. In the field of structural biology, rapid
progress has been made in recent years, and the
fruits of research have been published one after
another, including the publication in 1998 by
several study groups of X-ray crystallographs of
ribosomes themselves on which proteins are
synthesized.
Furthermore, in 1990, the in vitro selection
(artificial molecular evolution) (SELEX) method, by
which the RNA with a function of interest can be
selected and isolated from among RNAs with
random sequences, was developed, and a field
called “RNA molecular engineering” emerged.This
engineering is expected to find various industrial
applications including drug discovery and the
development of therapies for diseases utilizing
RNA molecules that specifically bind to enzymes
and amino acids (RNA aptamers), ribozymes, and
others.
In addition, in 1998, a phenomenon called RNA
interference (RNAi) was first discovered in the
nematode Caenorhabditis elegans in which
introduction of long double-stranded RNA led to
the degradation of mRNA with homologous
sequences and, in turn, to the specific inhibition of
expression (silencing) of selected genes. The
technique utilizing RNAi promptly came to atten-
tion as a useful method for gene function analysis
in the post-genome era. In 2001, it became evident
that similar phenomenon can be observed when a
specific small double-stranded RNA (small
interfering RNA: siRNA) is introduced into the
cells of such mammals as humans. The technique
utilizing this phenomenon is of great value as a
method for the functional analysis of human genes
(knock-down technique), and large-scale studies
are already underway aiming at the practical
application of the technique.
14
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Figure 3: Key events in the progress of RNA research
Source: Authors’ compilation based on references by Professor Kimitsuna Watanabe of the Graduate School of Frontier Sciences,
The University of Tokyo.
As has been discussed, the focus of RNA re-
search has become diversified.
The trend over time in the themes of RNA
research as reflected in the number of literature
published in each year on the PubMed (the on-line
version of the international database containing
biological and medical literature constructed by
the U.S. National Library of Medicine [NLM]) is
shown in Figure 4. The literature search was
conducted by using “RNA modification” or “RNA
AND ribozyme AND ribosome” as search terms,
and revealed that the number of literature
searchable by using the respective search terms
has increased dramatically since the late 1980s.
The results of this literature search indicate that
RNA research has gained strong momentum in this
decade.
1.4 Trends in RNA research in
Japan and other countries
With the progress in RNA research, there have
been new moves focusing on this area including
the foundation in 1996 of the international RNA
Society under the initiative of the U.S. as well as
the foundation in 1999 of the RNA Society of
Japan. As can be seen from the fact that the aver-
age age of the members of these societies is said
to be mid-thirties or so, the field of RNA research
is characterized by contributions from younger
researchers.
In Japan, thanks to support for RNA research
activities in the form of, for example, Grants-in-Aid
for Scientific Research for priority research areas,
provided since 1989, many excellent results have
been obtained mainly in basic research on RNA.
In countries other than Japan, RNA research
aiming at practical application has been actively
conducted under the exclusive initiative of the
U.S. In the U.S., venture capital companies have
been established aiming at the business
application of the results of research on RNA,
ribozymes and RNAi, in particular. Marked
progress has been seen in research especially on
the application of RNAi, and 30 or more venture
capital firms targeting the business application of
RNAi techniques are said to have been formed
since the report that RNAi is also applicable to
humans was published.
1.5 Strategies to promote future
RNA research 
(Ribonucleome Project)
Currently, RNA research is just in the formative
stage, and the field still contains many unknown
factors.Therefore, Japan will be able to effectively
carry out original RNA research by strategically
pursuing future research activities in this area.
Japanese RNA researchers have accomplished
15
Q U A R T E R L Y  R E V I E W  N o . 8  /  J u l y  2 0 0 3
Figure 4: Changes over time in the number of literature on RNA Curriculum.
Source: Provided by professor Kimitsuna Watanabe of the graduate school of frontier sciences, the university of Tokyo.
globally recognized, highly valued achievements
including the discovery of modification (cap
structure) added to the 5’ end of eucaryotic mRNA
as well as RNase P (an enzyme involved in tRNA
processing), which triggered studies on riboz-
ymes, and have great potential to conduct RNA
research of high quality.
Professor Kimitsuna Watanabe of the Graduate
School of Frontier Sciences, The University of
Tokyo said, “While the number of literature
concerning RNA has been rapidly increasing on a
worldwide basis (Figure 4), the number of liter-
ature published by Japanese researchers has not
grown in proportion, and the number of Japanese
researchers in this field has not increased either. In
other words, it can be viewed that the potential of
Japanese researchers has been fulfilled in the form
of high quality contributions to the progress in
RNA research by a limited number of study
groups. Factors behind this trend include the fact
that, while many younger researchers tend to be
attracted to fields other than RNA research
including genomics and proteomics under the
current circumstances where the scale of genome
science research on the whole has become gigan-
tic, research on RNA has, as before, been indepen-
dently pursued by separate laboratories at, for
example, universities, national/public research
institutions and private companies by conducting
studies in their respective laboratories in the field
where each laboratory has the advantage or
studies on themes that are likely to give practical
interest.”
From now on, in view of the potential for
progress in RNA research as has been discussed as
well as the necessity of conducting RNA research
in order to pursue comprehensive genome sci-
ence research, RNA research in Japan should be
further promoted.
The first thing to do to promote RNA research
in Japan may be to incorporate more researchers
having great potential. This may require continual
support such as the provision of Grants-in-Aid for
Scientific Research as well as the establishment of
a research support system in the form of the
preparation of a research project under which a
considerable amount of funds are to be provided
for research.
The comprehensive and synthetic research
system in the field of genomics and proteomics
adopts a top-down approach, which, in the field of
life science, was originally introduced in the
Genome Project. Conducting research under a
project is a very effective strategy for setting
themes to be urgently pursued and for gaining
adequate research funds to allow the vitality of
researchers including younger ones to be concen-
trated on RNA research. From the viewpoint of
pursuing research projects effectively, simple
implementation of just local joint research has
limitations, and a beachhead (a research center,
etc.) that can function as the central engine is
required. The reason is because pioneering
research to be conducted by researchers gathered
at such a beachhead may lead to the rise of the
overall levels of RNA research in Japan.
In light of such current realities, it may be
helpful to draw up and carry out a ribonucleome
project for pursuing research on all the RNA
molecules in cells. If such a project is initiated in
Japan now, it could be a pioneer attempt because
very few ribonucleome research projects have
been launched in the world.
Challenges to be tackled in such a project may
include those in the three areas listed in Figure 5.
The first area containing challenges to be
tackled may cover the development of simple RNA
synthesis methods as the technical foundation on
which to pursue ribonucleome analysis and RNA
three-dimensional structures analysis.
The second area containing challenges to be
tackled may cover RNA functional analysis. Such
challenges may include comprehensive analysis of
the splicing, processing, modification and degrada-
tion in the genetic information transfer process in
addition to RNA functions at the stages of intracel-
lular transport and localization, as well as alter-
ation in reading frames (Figure 6); and scientific
verification of the RNA world hypothesis that
there was a world in which RNA catalyzed all the
reactions necessary for a precursor of life’s last
common ancestor to survive and replicate by
using artificial ribozymes or RNA aptamers (RNA
molecules that bind to specific molecules such as
enzymes and amino acids).
The third area containing challenges to be
tackled may cover gene function analysis to which
the results of RNA research are applied, and
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analysis of the involvement of RNA in pathogene-
sis. As shown by the active establishment in the
U.S. of venture capital companies aiming at the
business application of the results of RNA
research, increasingly greater expectation has
been placed on such industrial application. Under
such present circumstances, the challenges to be
tackled in this area may include functional analysis
of human genes in knock-down mice created by
using the RNAi technique, as well as the develop-
ment of gene therapies for diseases such as cancer
by utilizing ribozymes.
Especially in the field of RNA research, a
research center that can function as the central
engine may be helpful in consideration of the facts
that no beachhead in research and development
has been established and that it is thought to be
necessary to gather more researchers having
vitality to be put into RNA research activities. By
making initiative-taking efforts in RNA research at
such a center in conjunction with separate
research activities performed with funds such as
traditional Grants-in-Aid for Scientific Research at
laboratories of universities, national/public
research institutions, etc., it can be expected that
RNA research will be pursued more actively in the
future.
1.6 Conclusion
In recent years, RNA molecules have been found
to be highly functional, and future progress in RNA
research especially on ribozymes and RNAi, that
17
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Figure 5: Overview of the themes of the ribonucleome project
Source: Authors’ compilation based on references by Professor Kimitsuna Watanabe of
the Graduate School of Frontier Sciences, The University of Tokyo.
Figure 6: Intracellular transmission of genetic informa-
tion mediated by RNA molecules.
Source: Provided by Professor Kimitsuna Watanabe of the
Graduate School of Frontier Sciences, The University
of Tokyo.
are likely to have broad industrial applicability, is
expected to greatly facilitate the advancement in
this field. Moreover, the significance of the
functions of RNA molecules in the genetic
information transfer process has been recognized,
resulting in greater necessity for broadening the
scope of RNA research activities in view of, for
example, the promotion of comprehensive
genome science research. Currently, RNA research
is just in the formative stage, and, by strategically
pursuing ribonucleome research from now on,
Japan will be able to effectively carry out original
RNA research.
The first thing to do to promote RNA research
in Japan may be to incorporate more researchers
having vitality, thereby making it necessary to
launch a ribonucleome research project. In order
to effectively run such a project, it is desired that a
system should be developed to conduct, for
example, the development of fundamental
techniques, comprehensive RNA functional
analysis, and studies on RNA molecular engineer-
ing with industrial application in view, in a
comprehensive manner under the initiative of a
research center, etc., which can function as the
central engine. By making such initiative-taking
efforts under a project in conjunction with a wide
variety of research activities performed with funds
such as Grants-in-Aid for Scientific Research at
laboratories of universities, national/public
research institutions, etc., we can expect not only
the qualitative and quantitative promotion of RNA
research in Japan but also the facilitation of
comprehensive genome science research on the
whole.
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2
Trend of “Brain Science and Education” Researches
SHIN-ICHI MOGI AND MARIKO SHOJI
Life Science and Medical Research Unit
2.1 Introduction
There are still many unknown parts in the brain,
and the brain is one of the important subjects in
studies involving the field of future life science. In
addition, brain science not only expanded the
knowledge of natural science and contributed to
health care and welfare, information science and
robot engineering, but also expanded the range of
its application to such areas as cultural sciences
and social sciences including pedagogy, psychol-
ogy, sociology and linguistics, resulting in greater
significance of the study.
Because of the importance of brain science
research, the 1990s were called the “Decade of the
Brain” in the United States and researches were
promoted on a large scale, and, in Europe, brain
science researches have been tackled in accord-
ance with the trend in the United States.
In our country, positive attempts to tackle brain
science have been made including grants for the
research of emphasized fields and the research of
specific fields. Moreover, at a meeting of “the long-
term view on the research and development
regarding the brain” (Brain Science Committee,
Life Science Committee, Council for Science and
Technology Policy, Cabinet Office; May 1997),
strategy goals of “knowing the brain” (elucidation
of the brain function), “protecting the brain”
(conquering brain disease), and “creating the
brain” (development of a brain-type of computer)
were set. Accordingly, some attempts were made
including the inauguration of a core organization
for researches of brain science, the Brain Science
Institute of The Institute of Physical and Chemical
Research made a start (October 1997), and a
project, “elucidation of the brain function,” was
tackled by the Japan Science and Technology
Corporation in the Core Research for Evolutional
Science and Technology (CREST).
By the results to date, many findings on
functional molecules and nerve circuit networks
related to high-level brain function such as
memory and learning have been obtained. In
recent years, the technique of non-invasive brain
functional imaging has rapidly progressed, and a
safe technique with a higher precision was de-
veloped. On the other hand, in our country, which
is reaching an aging society with a declining
birthrate, it is highly expected that the findings
from researches of brain science will be applied to
various fields such as nursing, school education,
social life, and nursing of the elderly.
With the above as a background, a new strategic
goal for brain science research, “cultivating the
brain,” was proposed at a meeting of “Measures for
the promotion of research and development of life
science” (Subdivision on R&D planning and
Evaluation, Council for Science and Technology,
Ministry of Education, Culture, Sports, Science and
Technology; June 2002).The “cultivating the brain”
is intended for elucidation of brain development
from infancy to adolescence, its application to
education, and elucidation of the learning function
in adults and the elderly (Figure 1). In March 2002,
the Ministry of Education, Culture, Sports, Science
and Technology established a study meeting on
researches of “brain science and education” to
assess specific measures in the field.
In this report, we will introduce a summary of
internationally new researches of “brain science
and education” as a national strategic measure, and
state the future prospects.
2.2 Summary of “Brain Science
and Education” researches
The researches of “brain science and education”
are intended to clarify the mechanism of learning
in order to develop and grow the innate ability in
humans, and to maintain it and eliminate
obstacles.
The Ministry of Education, Culture, Sports,
Science and Technology set a study meeting of
“brain science and education” researches in March
2002 in order to decide on a plan for the present
(about 5 years) and a long-term plan for over a
decade. In the study meeting, specialists from
various fields such as pedagogy, educational
psychology, behavioral science, biology, child
neurology and brain science have continued
discussions.At present, specific research plans are
under discussion, and an interim report was
published in July 2002. In a Research Institute of
Science and Technology for Society, started by the
Japan Science and Technology Corporation in
fiscal 2001, “Brain Science and Education” was
established as one of the research fields, and pilot
studies under six titles are currently being
conducted.
In Figure 2, a summary of “Brain Science and
Education” researches assumed from past dis-
cussions is shown. “Education” in the relevant
researches is a concept in a wide sense over a
lifetime including the human fetal period.
Here we introduce the contents of the plasticity
of the brain and the critical period being key
words of the research subject.We also introduce a
summary of the non-invasive imaging method of
brain functions, which is important as a research
method.
2.2.1  Plasticity of the brain (synaptic plasticity)
Plasticity refers to a variable property shown for
maintaining a normal state in dealing with some
environmental changes, and, in the brain, synaptic
plasticity is considered to be the fundamental
process for learning and memory.
The brain consists of a large number of nerve
cells (neurons) and glia cells. The nerve cells are
important cells for transmitting signals as a device
of the nerve circuit network in the brain, and the
glia cells give support to such nerve cells. In brain
science, in recent years, a detailed analysis of the
chemical process of signal transmission in the
brain cells and the process of gene control behind
it has been made.
Generally, nerve cells consist of the cell body,
dendrite, and axon, and nerve cells connect with
each other by synapses (synapse transmission). If a
signal is transmitted to the axon, neurotrans-
mitters such as an excitatory mediator and an
inhibitory mediator are formed in the synapse, and
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Figure 1: Summary of brain science researches in Japan
Source: Authors’ compilation  based on References [1] and [2].
the signal is transmitted to receptors on the
dendrite of the signal transmitting side (Figure 3).
A complicated chemical reaction is caused by this,
and the signal is further transmitted to cells to
work on the next nerve cell or an outside area
such as muscle. In recent years, researches on the
mechanism of signal transmission have progressed
considerably, and it is known that more than 100
kinds of molecules such as ion channels, receptors
and mediators are involved in the process.
The continuous change in the efficiency of
synapse transmission and the shape depending on
the activity is called synapse plasticity; this is
considered to be the most fundamental process in
the memory and learning of the brain, and its
research has advanced significantly in the world.
As for synapse plasticity, approximately 10 types
of it have been detected from around the 1970s
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Figure 2: Summary of “Brain Science and Education” researches
Source: Authors’ compilation  based on References [1] and [2].
Figure 3: Information transmission in the synapse
Source: Material prepared by Dr. Masao Ito, director of the Brain Science Institute, The Institute of
Physical and Chemical Research.
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when it was discovered to date.
In proceeding with research of “Brain Science
and Education,” it is important to elucidate the
plasticity of the brain and the mechanism of
learning and memory, with further development
of researches in the relevant field desired.
2.2.2  Critical period or sensitive period of the
brain
In high-level functions of the brain such as
learning and memory, it is known that there is a
critical period or sensitive period (the time when
a phenomenon or reaction is decided to occur or
not).The range of the time is almost proportionate
to the life span of each biological species, and the
period with a short peak is often called the critical
period, and the period with a long peak to some
degree the sensitive period. For example, the
critical period (sensitive period) of the plasticity
in the visual system may be expressed by day units
in mice and rats, and by week units in cats, and it
is around two years in humans. The sensitive
period is known to vary depending on the type of
various senses and stimulations.
For example, with regard to the critical period
of one form of learning, the imprinting phenome-
non, many findings have been obtained up to now.
The imprinting phenomenon is a special learning
function that occurs in the short time after an
animal’s birth. To give a well-known example, a
chick recognizes as its mother the first thing it
sees after birth, and behaves by following this first
seen thing. In an experiment using Anser anser,
the possible duration of the imprinting phenome-
non is very short, and there was a peak at around
15 hours after birth (Figure 4).
Although the imprinting phenomenon itself is a
genetic process incorporated in the gene, the
process is considered to be completed through
information of the first seen moving object, that is,
an epigenetic process not incorporated in the
gene such as a visual stimulation from the
environment. This indicates that the influence of
the postnatal environment is one of the important
factors in the development of brain functions.
The sensitive period in language acquisition is
often used as an example in humans.Within 1 year
after birth, it became known that there is a
sensitive period of distinguishing consonants such
as the distinction of L and R.The sensitive period
in language acquisition is said to generally exist at
10–15 years of age. If the relationship between the
sensitive period of learning and the influence of
the environment is clarified, it may lead to the
drawing out of humans’ abilities to the maximum.
The relationship between the sensitive period
of high-level brain functions in humans and the
environment has barely been elucidated. It is one
of the goals of “Brain Science and Education”
researches to proceed with fundamental re-
Figure 4: Critical period of imprinting phenomenon
Note: In Figure 4, chicks with complete imprinting are plotted.  In the research, all the chicks did not
have complete imprinting, and the total in the plot does not reach 100%.
Source: Material prepared by Dr. Hideaki Koizumi, senior chief scientist of the Advanced Research
Laboratory & Central Research Laboratory, Hitachi, Ltd.
searches and apply the results to education, etc., in
the future. At that time, the problem with
education is that it requires time for feedback, and
it would be necessary to proceed with a large-
scale longitudinal research and a statistical
analysis, as well as the subsequent follow-up
investigation, based on a systematic plan.
2.2.3  Measuring method of high-level brain
functions
The rapid progress of non-invasive measuring
techniques for high-level brain functions such as
human thinking and memory in recent years
brought about a significant opportunity in
proceeding with researches of “Brain Science and
Education.” Generally, non-invasive measuring in
brain researches refers to methods not involving
surgical invasion such as craniotomy. Some clinical
methods playing important roles such as positron
emission tomography (PET), single photon
emission computed tomography (SPECT) are
included in non-invasive measuring, but as
radioactivity is used in these, there is a limitation
in applying them to healthy people because of the
association with radiation exposure.
At present, safe and useful non-invasive imaging
methods to measure high-level human brain
functions are functional magnetic resonance
imaging (fMRI), magneto-encephalography (MEG),
and near-infrared spectroscopic imaging (NIRS;
photo-topography), etc. In Figure 5, various
imaging methods of high-level brain functions
including invasive methods are shown, with the
relationship between the space resolution and
time resolution.
For three non-invasive imaging methods, a
comparison among them in terms of the approxi-
mate space resolution and time resolution, the
degree of freedom in subjects, and the usage of
measurement is shown in Table 1.
Of the non-invasive imaging methods, the best
in the space resolution is functional MRI, and the
best in the time resolution is MEG. However, the
degree of freedom in subjects is low for both, and
the type of subjects and their conditions are
limited. In NIRS, there is room to be improved in
the space resolution, but it has the following
characteristics: (1) the subject is not enclosed in a
narrow space, (2) the subject can move, and (3)
there is no noise. Therefore, it provides a
measurement of the brain activities in newborns
and infants in a natural environment.
However, in order to grasp high-level brain
functions at a higher precision, many tech-
nological problems in the present non-invasive
imaging methods still remain to be solved. The
measurement of brain functions is a technically
difficult method in the first place and infants are
included in the major subjects in the research of
“Brain Science and Education,” therefore, a
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Figure 5: Comparison of imaging methods of high-level brain functions
Note: The values are approximate aims, and show a conceptual comparison of the measuring methods.
Source: Authors’ compilation based on material given by Dr. Hideaki Koizumi, senior chief scientist of
the Advanced Research Laboratory & Central Research Laboratory, Hitachi, Ltd.
particularly safe measuring method is required.
The development of measuring technology is a
field that has not attracted people’s attention very
much in Japan to date, but it is one of the most
important factors in proceeding with “Brain
Science and Education” research, and, as such,
should be dealt with positively in the future.
2.3 International trends in “Brain
Science and Education”
researches
In 1999, the Center of Educational Research and
Innovation (CERI) of the Organization for
Economic Cooperation and Development (OECD)
started a project named “Learning Sciences and
Brain Research: Potential Implications for
Education Policies and Practices.” This is an
international research program being promoted in
30 industrially advanced member nations. From
fiscal 2002, the second term was started, and the
application of brain researches in the field of
education will be studied by forming three
research networks (lifelong study, calculation
study, and reading and writing study) (Table 2). In
the project, our country will play the role of an
adjuster in the field of “Brain development and
lifelong study,” centering in the Brain Science
Institute, The Institute of Physical and Chemical
Research.
As stated above, the field of “Brain Science and
Education” researches internationally attracted
considerable attention in recent years, and
attempts to deal with this have been started.
In the United States, researches of brain science
are being promoted on a large scale centering in
the National Institutes of Health (NIH). The
researches of brain science are being conducted
over several institutes, and, particularly, the
National Institute of Biomedical Imaging and
Bioengineering (NIBIB) established in December
2000 is intended for the development of imaging
technology, and noted in the aspect of measuring
technology of brain functions.As for child science,
researches are being conducted centering in the
National Institute of Child Health and Human
Development (NICHD).
Based on a workshop held in December 2001,
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Table 1: Comparison of non-invasive imaging methods of high-level brain functions
Functional MRI MEG NIRS
Space resolution 1 mm
(particularly good) Several mm 10 mm
Time resolution Several dozens of sec. Several msec.(particularly good) Several sec.
Degree of freedom in
subjects Small Small
Large
(particularly good)
Principle By reflecting the difference of 
magnetism in blood 
hemoglobin associated with 
nerve activity to the magnetic 
resonance signal, the change 
of local brain blood flow 
responding to the stimulation 
is analyzed.
A weak magnetic field 
induced at the surface of the 
head with the nerve activity 
measured using a high-
sensitivity magnetic sensor 
(SQUID fluxmeter).  From the 
MEG obtained, localization of 
a power source in the brain is 
presumed.
By measuring the absorption 
rate of near-infrared radiation 
that changes depending on 
the concentration, the change 
of local brain blood flow 
responding to the stimulation 
is analyzed.
Example of main usage Visual and auditory induction 
reaction, and high-level brain 
functions such as language 
cognition and memory.
Clinically, it is considered to 
be useful in presuming a 
signal source in epilepsy or 
abnormal slow wave.  In 
addition, it is also useful in 
presuming spontaneous MEG 
during sleep, a magnetic field 
induced by stimulations such 
as electricity, magnetism, 
light, and sound, and the 
signal source.
It is said to be useful for 
monitoring of the brain blood 
flow in an operation or in 
epilepsy, and measurement of 
brain functions in infants was 
attempted.
Source: Authors’ compilation based on material prepared by Dr. Hideaki Koizumi, senior chief scientist of the Advanced Research
Laboratory & Central Research Laboratory, Hitachi, Ltd., and Reference [4]
the National Science Foundation (NSF) and the
Department of Commerce (DOC) compiled a
report titled “Converging Technologies for
Improving Human Performance.” Here, they
advocate the necessity of promoting multidisci-
plinary research and development that converges
nanotechnology, biotechnology, information
technology (IT) and cognitive science, as well as
future strategies. Of the fields presented here,
some are involved in “Brain Science and Edu-
cation” researches, and the U.S. trend after this has
attracted the attention.
2.4 Conclusion
The researches of “Brain Science and Education”
involve a new field just started internationally.
Bridging across and fusing many different fields
make this field, and the linking of the respective
fields is important. Particularly, it is essential for
specialists in nursing and education and
researchers of brain science and medicine, who
have hardly contacted each other before, to hold
discussions.
To advance the research, it is necessary to
conduct it in liaison with researches in the fields
of “knowing the brain,”“protecting the brain” and
“creating the brain.” If the development of
measurement techniques for brain functions is
added to such liaison, it may lead to a break-
through in “Brain Science and Education,” and it
would be necessary for us to take measures to
develop a new technique to enable non-invasive
kinetic imaging of high-level brain functions in a
natural environment, as well as a new tech-
nological development to provide a simple and
easy measurement of the internal brain such as the
hippocampus that plays an important role in
memory.
The problem of education has a significant
social influence and requires considerable time to
verify hypotheses. Therefore, in applying the
results of fundamental researches such as the
relationship between the sensitive period and
learning to education, it would be necessary to
draw a conclusion after conducting a large-scale
longitudinal research based on a systematic
program, and statistical analyses based on that.
The research of “Brain Science and Education” is
a socially important problem, and, at the same
time, it requires more ethical consideration and
social understanding and cooperation compared
to other fields.
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Table 2: Research project “Harmony of brain researches and education science” by CERI of OECD
1st term (1999 – 2002)
   The following three international forums were held.
      Learning science and brain research on infancy (June 2000, New York, USA)
      Learning science and brain research on adolescence (Feb. 2001, Granada, Spain)
      Learning science and brain research on adulthood (Apr. 2001, Wako, Saitama Pref., Japan)
2nd term (2002 – 2005)
   Experimental researches by the following three international research networks were conducted.
      Brain development and lifelong study (Adjusting organization: Brain Science Institute, The Institute of 
      Physical and Chemical Research)
      Brain development and arithmetic thinking (Adjusting organization: Oxford University, UK)
      Brain development and the abilities of reading and writing (Adjusting organization: The Sackler Institutes for
      Developmental Psychobiology, USA)
Source: Material prepared by Dr. Masao Ito, director of the Brain Science Institute, The Institute of Physical and Chemical Research
(director of the National Institute of Neuro-
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for Integrated Human Brain Science, University of
Niigata), Dr. Ryoji Suzuki (director of the Human
Information System Laboratories, Kanazawa
Institute of Technology), Dr. Mamoru Tamura
(professor at the Research Institute for Electronic
Science, Hokkaido University), and Dr. Shotai
Kobayashi (professor at the Shimane Medical
University) provided us with various kinds of
information.We would like to express our heartfelt
gratitude to all of the people above.
References
[1] Brain Science Committee, Life Science
Committee, Council for Science and Techno-
logy Policy, Cabinet Office; “Long-term con-
cept of research and development regarding
the brain”, May 1997 (in Japanese)
[2] Subdivision on R&D planning and Evaluation,
Council for Science and Technology, Ministry
of Education, Culture, Sports, Science and
Technology; “Policies for the promotion of
research and development of life science”,
June 2002
[3] “Assessment of ‘Brain Science and Education’
Researches (interim report)” (study meeting
of “Brain Science and Education” researches,
Ministry of Education, Culture, Sports, Science
and Technology; July 2002) (in Japanese)
[4] Kamiya Akira, Imachi Kou, Ueno Shougou;
“Medical Bioengineering”, Baifukan, 2000 (in
Japanese)
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3
Background of the Establishment of a Control System for
Human Embryo in the UK and Its Actual Function
— For the Construction of a Social Governance System of
Life Science Technology in Japan —
YASUSHI MAKIYAMA
2nd Policy-oriented Research group
3.1 Introduction
“How should we handle human embryos?” (the
early state of individual human development; an
egg that starts development because of
fertilization or nucleus transplantation), such a
new question of bioethics was raised in
association with the progress of life science
technology. Particularly, recent rapid progress of
life science technology has increased questions
and expanded the region, and this is reflected by
the situation in which guidelines notified by
government organizations increased suddenly
since 2001 (Table 1).
With such a background, at present when the
time limit for reviewing the law of human cloning
in 2004 is near at hand, how to handle human
embryos is being discussed repeatedly by Council
for Science and Technology Policy*1. Recently,
establishment of embryonic stem (ES) cells from
human embryo was started for regenerative
medicine, and researches using human embryos
have been increasingly demanded from the
medical aspects of conquering diseases and
disorders, and aging and dementia, as well as from
the industrial aspect*2. The handling criteria have
been decided not only in Japan but also in foreign
countries, respectively, and amendment to the
legal regulation was started with the change of the
status after the regulation (Figure 1). For example,
in Germany, where strict regulation on the use of
human embryos was provided by law in 1991, use
restr icted to imported ES cells came to be
permitted*3.
As for the actual situation in Japan, since the
first child born by in vitro fertilization (IVF) in
Japan in 1983, researches on assisted reproductive
– Law No. 104 dated July 16, 1997 (Latest amendment: Law No. 160 dated Dec. 22, 1999)
   “Organ Transplantation Law”
– Law No. 146 in 2000; December 2000
   “The law concerning regulation relating to human cloning techniques and other similar techniques”
– Notification No. 1 of the Ministry of Health, Labour and Welfare, the Ministry of Education, Culture, Sports, Science and 
Technology, and the Ministry of Economy, Trade and Industry in 2001; March 2001
   “ Ethical guidelines for research on human genome and gene analysis”
– Notification No. 155 of the Ministry of Education, Culture, Sports, Science and Technology in 2001; September 2001
   “The guidelines for derivation and utilization of human embryonic stem cells”
– Notification No. 173 of the Ministry of Education, Culture, Sports, Science and Technology in 2001; December 2001
   “The guidelines for handling of a specified embryo” (based on the law)
– Notification No. 5 of the Ministry of Education, Culture, Sports, Science and Technology in 2002; January 2002
   “The guidelines for recombinant DNA experiments”
– Notification No. 1 of the Ministry of Education, Culture, Sports, Science and Technology, and Ministry of Health, Labor and 
Welfare in 2002; March 2002
   “The guidelines for clinical research on gene therapy”
– Notification No. 2 of the Ministry of Education, Culture, Sports, Science and Technology, and the Ministry of Health, Labour and 
Welfare in 2002; June 2002
   “Ethical guidelines for epidemiological research”
Table 1: Bioethics-related laws and government policies in Japan
medicine (reproductive medicine using ART for
sterility therapy) have been conducted, including
those associated with the preparation of embryos,
for more than 20 years under the self-imposed
regulation of the Japan Society of Obstetrics and
Gynecology. In assisted reproductive medicine,
there are surplus embryos (embryos fertilized in
vitro that have lost their purpose of use for
sterility therapy because a child was already born
or for other reasons), but these are disposed of.
On the other hand, as the restriction of ES cell
research in regenerative medicine and
embryology, creation of human embryos and use
of human embryos are restricted by government
policies, different regulations come to be applied
to a single type of biological specimens, and
ethical and social inconsistencies are indicated*4.
As stated above, in the process of the
development of current life science technology,
resolution of the bioethical issue became a subject
to be tackled by the society of each country as an
essential process. That is, it came to be recognized
that the practice of research activities was
inseparable from the social acceptance of the
researches*5. Such an inseparable relationship
between life science technology and bioethics
may be reflected in that the US allocates 3-5% of
the national expenditure on genome researches
for ethical, legal and social activities. Specifically,
from 1990 to 1999, in the US, 58 million dollars
(5%) from NIH and 18 million dollars (3%) from
the Department of Energy were appropriated,
resulting in the formation of an important
intellectual foundation of bioethics-related policies
(Ayano, 2001). The measures have raised the level
of the ethics review board, etc., and allowed
training of human resources to support them*6.
As known well from the birth of the first IVF
child in 1978*7 and preparation of the cloned
sheep in 1997*8, the UK (United Kingdom) leads
the world in the field of science technology. In
addition, as for social control of human embryos,
the UK has a unique social system with a history
of one decade, having “the law, and the control
organization designated by law” as the center of
activity.
On the other hand, in Japan, is there any
comprehensive social system that can act as a
basis to dynamically adapt to the bioethical issue
newly appearing and attempt to solve such issue?
In order to solve the bioethical issue that is likely
to become more serious in the future, under the
current status we should consider the necessity of
constructing a system (social governance system
of life science technology) to combine life science
technology and measures for social acceptance. At
that time, the existing system in the UK would
provide beneficial information to us. Therefore, I
shall introduce the background of the control
system of human embryos in the UK and the
practical functions. Table 2 shows a comparison
of regulations related to human embryos between
the UK and Japan.
3.2 System consisting of laws
and the control organization 
(see figure 2)
3.2.1  Traditional methods for deciding on
the law
The control system of human embryos in the
UK consists of the law and the special control
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 In the United States, the regulation and the virtual placement differ depending on the state.  The 
states belonging to (a) are (i) Maine, (ii) Massachusetts, (iii) Rhode Island, (iv) Pennsylvania, (v) 
Florida, (vi) Michigan, (vii) Minnesota, (viii) North Dakota, (ix) Louisiana, and (x) South Dakota 
(prohibition of researches and imports of ES cells).
The State of Iowa prohibits cloning only.  The states other than the above (i) to (x) virtually belong to 
(b).  Unlike other 49 states, the State of California is said to accept researches of human embryos in 
almost the same way as the UK, and accepts establishment of ES cells from cloned embryo.
Acceptance of establishment 
of ES cells from cloned 
embryo
UK, China, State of California 
in USA
Permission of use of embryos 
limited to surplus ones for 
establishment of ES cells
Japan, Korea, Russia*, Canada, 
Finland, Spain, Holland, Australia, 
(40 states* in USA (b))
Prohibition of establishment/ Per-
mission of use of existing ES cells
Germeny (Jul 2002 and after),
France* (May 2002 and after),
Denmark, (Subject study of 
the US federal budget)
Prohibition of establishment/ 
prohibition of use
Ireland, Norway, Switzerland, 
Poland, Italy*, Brazil,
(10 states in USA (a))
Permission of preparation of 
human embryo to establish 
ES cells, and permission of 
the use
UK, China,
(40 states* in USA (b))
Figure 1: Comparison of the criteria for establishment of ES cells using human embryos and the use of ES cells among
the countries (* shows a virtual placement)
Source: Walters’ data (2002) were modified, and some new information up to March 2003 was added.
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JapanUKCompared item
*: The law concerning regulation relating to human cloning techniques and other similar techniques
Law
(Human fertilisation and embryology act, 
etc., in 1990)
License system by the special control or-
ganization
(independent administrative committee)
Allowed.
Allowed.
Allowed.
Allowed.
Allowed.
Law
(Human reproductive cloning act in 2001) 
Prohibited.
Allowed. 
Prohibition of profit-making mediator’s 
business.
Allowed. 
Separate voluntary self-imposed controls 
by academic societies and the govern-
ment.
Separate review system by academic so-
cieties and the government.
Allowed in the society’s notice.
Allowed in the society’s notice.
Allowed for surplus embryos only by the 
government policy.
Prohibited by the government policy.
Allowed in the society’s notice.
Law
(Cloning law * in 2001) 
and the guideline based on the law
Prohibited.
Prohibited.
Prohibited (indirectly) in the society’s no-
tice; under consideration by the govern-
ment.
Under consideration.
• Form of regulation
 
• Control organization
• Assisted reproductive medicine (prep-
aration of in vitro fertilization embryo 
and transplant)
• Preparation of human embryo for re-
searches
• Establishment of ES cells
• Preparation of human embryo for es-
tablishment of ES cells
• Utilization of surplus embryos for re-
search
Comparison of cloning policies
•  Form of cloning regulation
•  Human reproductive cloning
• Therapeutic cloning (creation of cloned 
embryos) Prohibited.
Others
•  Surrogate mother
• Provision of embryo to other couple. 
Table 2: Comparison of policies regarding human embryos between the UK and Japan
Figure 2: Establishment of the social system for human embryos in the UK
VLA: Voluntary Licensing Authority for human in vitro fertilisation and embryology
ILA: Involuntary Licensing Authority for human in vitro fertilisation and embryology
HFEA: Human Fertilisation and Embryology Authority
HFEAct: Human Fertilisation and Embryology Act
organization designated by law (similar to an
independent administrative commission in Japan).
The method for deciding on bills used at the
establishment of the system in the UK, i.e., the
process for establishing a new social and legal
regulation, may be summarized as shown below.
(i) Consideration at the advisory committee and
publication of the report.
(ii) Presentation of the Green Paper (referred to
as the consultation paper; it states the
background of the problem, the points, and
choices of a solution to make an appeal to
society).
(iii) Presentation of the White Paper (framework
for legislation; proposal as a bill after
receiving responses to the Green Paper and
arranging for considered points).
(iv) Establishment of the law at the Parliament.
A series of the process for deciding on a bill
from causing the social disputes first to adopt the
responses is the general method that has been
conducted traditionally in the UK. The considera-
tion of the bill related to human embryo was
conducted through the same process.
3.2.2  Change of the control organization
The Report from the government inquiry into
human fertilisation and embryology (referred to as
the Warnock Report) in 1984*9. The Warnock
Report made recommendations concerning: (i)
licensing authority and its function; (ii) principles
related to the implementation; (iii) provision for
sterility therapy service; (iv) legal regulation of
related research; and (v) amendment to the
existing law regarding new science technology.
The most important point in the report is that it
stipulates a licensing organization designated by
law to socially manage (control) human embryo
research activities and assisted reproductive
medicine*10.
After the report, in 1985, the Medical Research
Council (MRC), a body promoting medical
research and related sciences, founded a voluntary
licensing authority (VLA) for human in vitro
fertilization (IVF) in collaboration with the Royal
College of Obstetrician & Gynecologist (RCOG),
which coordinates obstetricians and gynecologists
in the UK, thereby establishing the fundamental
skeleton of the current control organization’s
function and system.
As a background to the establishment of VLA, it
was reported that a situation had developed
because the government had not dealt with this
matter immediately, and that there were circum-
stances in which control based on standards was
required to avoid lawsuits from a clinical position
when conducting sterility therapy. VLA was based
on the recommendations of the Warnock Report,
which required: (i) deciding on the code of
practice; (ii) licensing of human embryo research
and assisted reproductive medicine; (iii) grant
review; (iv) reporting to MRC/RCOG; (v)
disclosure of information related to the practice;
and (vi) contributions to measures for social
arguments and control procedures. Therefore, the
current function of the control organization
already included a major part of the recommenda-
tions. The VLA published reports annually in an
effort to disclosure information.
However, by the nature of VLA, individual
licensing and code of practice were dependent on
voluntary participation, and its social position was
different from the current Human Fertilisation and
Embryology Authority (HFEA) mentioned later,
which is an independent, national control
organization with a compelling force.
The VLA changed its name to the involuntary
licensing authority (ILA) for human in vitro
fertilisation and embryology in 1989. To deal with
the circumstance in which the RCOG stopped
financial support due to monetary difficulties and
the remaining MRC began receiving government
allocated assistance, the VLA, in an effort to urge
the government to act, emphasized through its
name that the VLA was a tentative organization
until the government formed a statutory organiza-
tion.
With such a background, through the establish-
ment of the Human Fertilisation and Embryology
Act (HFEAct) in 1990, the control organization
HFEA was founded and started activities in August
1991.
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3.3 Establishment of HFEAct
for the handling of human 
embryo and the following 
movements
3.3.1  From the Warnock Report to today
After the Warnock Report was published in
1984, individual views and reports on the subject
of human embryo were announced by specialists’
groups such as British Medical Association, RCOG
and MRC, and religious groups such as the Roman
Catholic Church, and researchers reportedly
conducted a campaign*11. Taking this opportunity,
the government caused arguments by the green
paper in 1986, and after receiving the responses,
they asked people’s opinions by presenting a
framework of legislation in the white paper in
1987, and a law was established at the Parliament
in 1990. The skeleton of the established law,
HFEAct, is (1) regulations of prohibited matters
and punishment, and (2) establishment of a special
control organization and regulations on the
function.
At the time point of the establishment of
HFEAct, the systematic foundation related to the
handling of human embryo was prepared.
However, science technology always continues to
progress. After the establishment of the law,
researches in the fields of regenerative medicine
and gene therapy progressed remarkably, and in
1998, recommendations (Human Genetics
Advisory Commission and HFEA) were made
considering the progress during this. In 1999, a
committee was organized under the Chief Medical
Officer, and a recommendation regarding mea-
sures to deal with the change of science tech-
nology was made. Based on the recommendation,
in 2001, Human Fertilisation and Embryology
(Research Purpose) Regulations were established
to add (i) increasing knowledge about the
development of embryos, (ii) increasing knowl-
edge about serious diseases, or (iii) enabling any
such knowledge to be applied in developing
treatments for serious diseases. In the same year,
the Human Reproductive Cloning Act 2001 was
established to prohibit the preparation of
reproductive cloning that produces human cloned
individuals (therapeutic cloning: preparation of
cloned embryos was non prohibited) and provid-
ed for punishments.
With the expansion of the use of embryos for
research purpose, there was a new movement. For
human fertilized embryo and cloned embryo, the
House of Lords select committee that conducted a
positive verification regarding the actual status of
use for researches compiled a report on stem cell
research in February 2002. The report refers to 27
items including continuation of the use of human
embryo and cloned embryo within 14 days, and
the idea of setting up a stem cell bank*12.
Complying with the recommendation, the
Department of Health published a report on the
measures to deal with this in July 2002. The report
gives a conclusion almost in accordance with the
House of Lords select committee report, and the
department had conducted individual investi-
gations of the items shown by the committee and
gave their opinion on measures to deal with them
in the report.
3.3.2  Current status of regulation
As the general situation of human embryos in
the UK, the permit (license) system for
preparation and use of human embryos and
prohibition of the use after appearance of the
primitive streak may be given*13. The prohibited
matters related to human embryos in the UK are:
first of all, (1) creation, storage and use of human
embryos are prohibited except for creation or use
under permit (license). (2) What can be trans-
planted to humans should be a human embryo or
gamete (sperm and egg), and the use after
appearance of a primitive streak is prohibited. The
primitive streak, which is the first characteristic
change observed in the embryo, is formed when
the embryonic end in one direction is raised on
the 14th or 15th day after fertilization. The
separation of uniovular twin occurs until this time
at latest. Based on the primitive streak, a
medullary groove is formed up to 17th day, and up
to around 23rd day, the bilateral structure referred
to as neural folds is fused, and “spinal cord (neural
tube)” comes to be observed. At the same time, in
the law, from a practical point of view, the
corresponding time (to use human embryos for
research) is provided as “embryo not later than the
end of the period of 14 days” (after gametes are
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mixed).As prohibited matters, transplant of human
embryo to animals is prohibited, and nucleus
transplant to embryo is prohibited. In addition, for
gametes, (3) it is prohibited to conduct the storage
of gametes, artificial insemination, and cross-
fertilization with animals without permission.
The ES cells are often established 4–5 days after
fertilization, and, as such, are not prohibited.
Preparation of human embryos and cloned
embryos for research purpose is permitted, but
preparation of cloned individuals is prohibited. For
the prohibited matters, punishments are imposed,
and imprisonment for a term not exceeding 10
years or a fine or both, are imposed.
On the other hand, in Japan, preparation of
cloned embryos is prohibited by the law
(“guideline for handling of specific embryos”
based on it), and for creation of human embryos
for research purpose, there are different opinions
in the arguments.
3.4 Public control organization
HFEA
HFEA is a public organization under the control
of the Department of Health, and one of the
characteristics is its high independence secured.
The function and the placement in the
administrative organization are regarded to be
corresponding to the independent administrative
committee in Japan (administrative committee
with independence based on Article 3 of the
National Government Organization Law). That is,
HFEA is (usually) placed as an extra-ministerial
department of the department, and an adminis-
trative organization that functions independently.
For example, the Japan Fair Trade Commission of
the Ministry of Public Management, Home Affairs,
Posts and Telecommunications corresponds to
this.
3.4.1  Summary of functions
Major functions are as shown below.
(1) Granting a license to institutions conducting
the assisted reproductive medicine and
human embryo research, and inspections.
(2) To produce a Code of Practice.
(3) Control of storage of gametes.
(4) To keep a formal register of information
related to the practice.
(5) Publicity work and information supply
activity.
(6) Assistance in deciding on administrative
measures, etc.
3.4.2  Composition
Twenty-one committee members including the
chair, and 4 senior staff and 1 observer from the
Department of Health share the duties of 7
departments (committees and work sections) with
the respective functions. The committees of HFEA
include (i) Audit Committee, (ii) Code of Practice
Committee, and (iii) Licensing & Fees Committee,
etc., and they work independently, respectively. To
the persons including the committee members,
other research staffs are added, and the total
number of the personnel in the HFEA’s Executive
is 45. The scale of budget for fiscal 2001 was
about 2,880,000 pounds (about 550,000,000 yen).
One half of this is covered by the license fees, and
the other half is covered by the budget of the
Department of Health. The expenditure included
human expenses 1,360,000 pounds and opera-
tional expenses 1,310,000 pounds, etc.
3.4.3  License
As of 2002, 115 institutions were registered
centering on institutions practicing the assisted
reproductive medicine. The institutions practicing
in vitro fertilization (IVF) were 75 institutions, and
those practicing only artificial insemination were
23, and those practicing only researches were 6.
The annual number of IVF practiced was 25,273
cycles, and there were 5,513 births.
The license system is associated with the
obligation of detailed reporting and the inspection
system. In the license system, some clinics are
judged as unlicensed, or occasionally the license
may be revoked. Therefore, for the practice of
assisted reproductive medicine, occasionally there
are some cases of lawsuits due to the license, and
due to the supervising right of HFEA regarding
whether it is appropriate or not to practice the
assisted medicine. Of unlicensed clinics or clinics
whose license in the UK was revoked, some were
reported to have moved, for example, to the US to
start practice. In such a sense, the technical level
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as clinics has been maintained in the UK
considering patients first. As for the number of
revocations, two were reported in the first 9 years
(Brinsden, 2000).
Based on data information obtained from
practicing institutions, a guidebook for patients
who receive the assisted reproductive medicine,
The Patients’ Guide to IVF Clinics Provisional Data
2002 presenting detailed and specific up-to-date
data in each medical institution was prepared to
provide data. The therapeutic results and the
number of patients are easily available from this.
As stated above, HFEA is securing the quality
level of human embryo-related medical care and
research through the license system and the
information supply to patients.
Meanwhile, a research subject applied to HFEA
is submitted after being reviewed first by an
institution outside of the institutions conducting
the research, an ethics committee (for example, a
public ethics committee LREC: the UK has an
independent system of ethics review and advisory
organization called Research Ethics Committees
(REC) under the control of NHS of the
Department of Health. In the system, LREC is the
organization located for each area.). At the HFEA,
after the research subject is reviewed by
specialists, it is reviewed at the committee
meeting*14. Since 1991, of 141 subjects submitted,
136 subjects were permitted, and 77 of them were
already completed. As of August 2002, 28 research
subjects were being conducted at 19 institutions.
Major contents of the subjects are related to the
assisted reproductive medicine. As for ES cells,
from human embryo to the establishment of the
cells is a scope supervised by HFEA, but the
supervision is not extended to the use of the cells
after they are established once. At present, a stem
cell bank is being planned by MRC. In 2002, two
plans of ES cell establishment were permitted.
The reference data on the actual use of embryos
are shown below.
Reference data:
Statistics on the use of human embryos from the UK
between 1991 and 1999 (Walters, 2002).
(The data are based on the HFEA annual report
and the House of Lords select committee report on
stem cell research.)
3.4.4  Inspection
In the inspection of a practicing institution, an
inspection team is usually chaired by an HFEA
member and includes a clinician, a scientist, a
person with a background in another field (such
as counselling or nursing) and a member of the
HFEA’s executive staff. The main activity of the
inspection team is to visit the institution
unannounced. To organize such a team, HFEA
currently employs 52 part-time inspectors. An
inspection protocol for the inspecting procedures
was prepared and being used with occasional
revisions as needed. Such a practical inspection
was not the first one in the UK, and in the
investigation of experimental animals conducted
from a viewpoint of protection of animals from
harm under the control of the Home Office, the
same method was used, i.e., investigators inspect-
ed the institution without prior notice.
3.4.5  Renewal of the license
The license had been renewed every year
before, but at present, for institutions with
achievements, it was changed to be renewed every
3 years. In addition to the conventional inspective
investigation conducted every 3 years for the
license review, a small investigation referred to as
an interim inspection is conducted for important
items only based on the previous investigation (by
the same method as that in the main investi-
gation).
3.4.6  Code of Practice
HFEA produces the required code of practice
(i) No. of embryos created: 925,747
(ii) No. of embryos transferred: 423,153
(iii)No. of embryos stored for own treatment: 225,627
(iv)No. of embryos stored for treatment of others: 448
(v) No. of embryos given to research: 53,497
(vi)No. of embryos discarded : 294,584
(vii)No. of embryos created for research purposes: 118
34
S C I E N C E  &  T E C H N O L O G Y  T R E N D S
based on the HFEAct, which provides guidance for
clinicians and researchers on the practical
procedures in carrying out their licensed
activities. What is regarded as particularly
important in the basic concept of the code of
practice is the role to protect the “welfare of a
child who may be born.” The code of practice
provides for; (i) guidance on the proper conduct
of activities of those who are licensed, (ii)
standards for the materials and facilities, (iii)
welfare of the child, (iv) selection and screening of
donors, (v) confidentiality, (vi) provision of
information, (vii) consent, (viii) offering of
counseling, (ix) use of gametes and embryos, (x)
storage and handling of gametes and embryos, (xi)
standards and prohibitions in researches, (xii)
records, and (xiii) filing of complaints,
respectively.
The code of practice is decided on by HFEA, and
goes into effect with the approval of the
concerned secretary of state. The currently used
one is the fifth edition, and the sixth one will be
issued within the year 2003.
3.4.7  Pursuit of transparency
HFEA is always making an effort to increase the
transparency to the society. Particularly, the
thorough publicity work on the status of activities
and the status of finance, and information
obtained in the control is attempted. This is
indicated in the reports consisting of detailed and
specific descriptions (HFEA, Eleventh Annual
Report and Accounts 2002).
3.4.8  Maintenance of independence
HFEA requires approval of the Secretary of State
for the code of practice, and has an obligation to
report to the Secretary of State. However, in the
function, deliberations and decision, HFEA is said
to be keeping the independence from the
Department of Health and specialists’ groups such
as RCOG. The relationship between the Depart-
ment of Health and HFEA is said to be a good
“liaison” relationship, in which both always
contact each other and work in close cooperation
with each other. However, in the aspect of bud-
gets, it was reported that there was friction
between both.
3.4.9  Recruitment of committee members by
public advertisements
The employment of committee members and
staff of the HFEA including the chair was
conducted through public advertisements, and it
was announced that the equal opportunity was
respected with elimination of every discrimination
and prejudice. The applicants were recruited for
the posts by public advertisements on the
newspaper, etc., and selected through an inter-
view by 3 persons, i.e., the chair of HFEA, one of
the HFEA members, and a person in charge from
the Department of Health. For example, there
were 339 applicants for posts of 4 members, and
this indicates the high level of social interest and
appreciation of the duties of HFEA.
3.4.10  Specialists and general citizens
Without cooperation of specialists, it is
impossible to understand and grasp professional
matters appropriately, and without participation of
general citizens, the social self-decision cannot be
established. In the resolution of bioethical issue,
mutual cooperation of specialists and general
citizens is considered to be essential.
At the HFEA, the chair and the vice-chair require
to be non-specialists (not a clinician, a person
engaged in assisted reproductive medicine, or a
researcher to obtain the grant), and the percentage
of specialists in the committee was prescribed to
be controlled as one third to one half of that of
non-specialists. Besides, the members including
the chair are recruited by public advertisements as
shown above.
In the process of deciding on the code of
practice and implementation of the inspection, the
specialists are essential. However, the main axis of
HFEA is not only to have specialists’ assistance and
criteria of technological judgement but also to
have a viewpoint to embody the social judgement
taking into account the general citizens’ opinion
and standpoint. This may have made it possible
that the control system in the UK achieved the
social trust.
3.4.11  Evaluation of HFEA
According to the comprehensive evaluation of
HFEA by people concerned, the HFEA is working
very effectively, though not completely. In such a
circumstance, it is obvious that researches should
be conducted in a situation that science and
technology are socially accepted (social persua-
sion and social self-decision), and researchers who
are controlled understand that understand the
necessity of procedures associated with this.
Particularly, for researches using the national
budget, the above is recognized as natural in the
relationship with taxpayers.
However, on the other hand, HFEA is exposed to
social indictment. For example, there was a
medical mistake at a clinic where a black child
was born to a white couple due to transplantation
of a wrong embryo by mistake, and the HFEA was
called to account for the medical mistake. As
another recent example, when a couple having a
child with a genetic blood disease called tha-
lassemia were expecting their second child, they
received a pre-implantation genetic test to select
an embryo, and as a result, a healthy child was
born. In addition, the couple planned to use the
newborn’s cord blood for treatment of their first
child. The HFEA approved the plan, but a Catholic
pressure group named Comment on Reproductive
Ethics (CORE) indicted HFEA for the approval. As
a result of the struggle in the courts, HFEA lost the
suit, and the plan was prohibited (BBC News
World Edition on Dec. 20, 2002).
3.5 Background of establishment 
of human embryo control 
system in the UK
At present, in the UK, it is said difficult to grasp
the cultural and religious background as a
stereotype (increased religious diversity,
bipolarization of the educational level, high or
low). However, in the agreement of social
regulations, it is possible to indicate the presence
of strict pragmatism as shown below.
(1) Stance related to the formation of social
arguments 
It is not realistic to expect that all of the general
public should have a deep knowledge and interest
in the issue disputed and the point. However, it is
important to release information at least to
interested people to hear their opinion thor-
oughly, and give them opportunities to have a
discussion, and a mechanism to secure the
transparency in the implementation of the system
should be created.
(2) Stance related to ethics and social
regulations
In the society of liberalism, the existence of the
individual personal ethical sense is allowed. Then,
in any agreement of social regulations, complete
ethical agreement is difficult. Therefore, the major
premise made is that it is natural that there is a
certain degree of gap between the personal
ethical sense and the social regulation and control
system. On the premise, an ethical discussion is
made to minimize the sum of the social gap. In
addition, from the premise, measures to set up a
very effective control system and secure the
transparency in the system and realize partici-
pation of citizens may be adopted.
(3) Stance to the uncertainty of science
technology
It is considered inevitable that the uncertainty
(possibility of an unexpectable risk) exists in
application of new science technology. Therefore,
it is always demanded to make a judgement and a
self-decision always weighing the risk and benefit
ratio, and it is considered important for the society
to make a situation in which such a self-decision is
possible (a discussion on the degree of the
uncertainty and a discussion to clarify it are not
made throughout to the end).
In the background of the system in the UK,
there may be a formation of social structure that
can realize the consciousness of r ights and
methodology rooted in the pragmatism, while it is
a society of individualism and liberalism with a
long tradition. In the UK, to meet the social
demand, the human embryo-related control
system can immediately stop the research without
adding a new legal regulation, as authority of the
control organization (HFEA can immediately
suspend the license based on a reasonable
ground). In that sense, the system in the UK may
be said to be a system possible to take quick and
f lexible measures to meet social demands,
differing from the US without federal legal
regulations on the assisted reproductive medicine
and general researches of human embryo and
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Japan only depending on self-imposed regulations
on them. Needless to say the foundation of such
quick and f lexible measures exists in the
comprehensive function of the control system in
the UK including the inspection that can grasp the
actual status of the implementation of human
embryo research and assisted reproductive
medicine. With the uncertainly contained, such a
system possible to take f lexible measures is
considered to be important as a foundation or
background to appropriately implement and
develop the life science technology attempting
the social acceptance as well.
As opportunity to have a direct discussion
between the general society and proposers of the
measures, a sex selection debate was held, and
here we introduce the discussion as one sample of
the discussion between them.
First, HFEA published a booklet (called a
consultation document) compiled to cause
disputes in the general society. Making this a
common basis, a few dozen of general participants
who got together in a corner (Jubilee Room) of
the House of Commons and several panelists of
specialists including the chair of HFEA had a
discussion to directly talk with each other. In the
discussion, there were some participants from the
pressure group opposed to the HFEA, and
occasionally a considerably hot discussion was
made. After the discussion, the participants had an
informal talk over light meals at the site, and
interested persons had a discussion with each
other.
In the issue of sex selection, the main point is
whether its general application is approved or not
besides medical reasons. In addition to various
social issues related to sex differences, whether it
is right or wrong that the acceptance of sex
selection may lead to selection or preparation of
born children with characters that the parents
want by the genetic diagnosis or modification (as
the door to a designer baby) is being discussed.
As stated above, in the relationship with the
general society, (i) information supply from the
professional organization, (ii) direct exchange of
opinions and discussions, and (iii) mutual
understanding through them and adopting
opinions from the general society are conducted.
We can say that the discussion between the
general citizens and specialists is an example
contributing to the formation of the basis of
mutual understanding (sharing of information and
knowledge) when the control organization and
the general society solve a problem collabora-
tively.
3.6 Conclusion–Consideration of
a system construction
in Japan
It is possible to grasp the elements of the system
in the UK, based on their interrelationship as
shown in Figure 3.
Firstly, in this system, the organization set up by
law decides on the code of practice from a
professional point of view. The code of practice
itself has no binding force associated with
punishments. However, at the licensing, the status
of the practice is evaluated from the viewpoint of
the code of practice, and if there is any
inappropriate deviation, the license is revoked.
Conversely, when the status related to the practice
changed with the progress of life science
technology, even if it is a method not necessarily
meeting the code of practice, if its validity was
confirmed, the method can be approved by
judgement of the committee.
That is, for the code of practice showing
practical procedures, if more developing method
was established with the progress of life science
technology, the new method can be adopted
without adopting the code. The validity is judged
by the committee at the licensing, and if the new
method was appropriate, it will possibly be
approved. Unlike law, the code of practice can be
revised by the committee permanently set up in
the control organization, and it is easy to take
appropriate measures at the present time
including the social acceptance. That is, the
flexibility and adaptability to deal with a new
problem, which are important characteristics of
the system in the UK, are based on the functional
liaison between the licensing organization and the
code of practice decided on by the licensing
organization. An important function to support
the evaluation in such a licensing is considered to
be the inspective investigation, and the function is
conducted by the method that becomes effective
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by the control organization.
Secondly, the important point is to be careful
about securing the independence and trans-
parency of the professional control organization,
and to conduct deliberations of the licensing by a
committee meeting established by participation of
both general citizens and specialists. As a result,
the committee can make a judgement from a
viewpoint of the general society, and it becomes
possible to avoid the separation of the judgement
at the control organization from the social
acceptance, and it may lead to that the social trust
of the control organization can be obtained.
Thirdly, the professional control organization
has an investigation and research functions. The
function makes appropriate advice related to
measures, and information supply and publicity
work possible. That is, it makes it possible to share
the information to be a basis of judgement at the
committee of the control organization and
information to decide on the related bill among
the people concerned, specialists and the general
society. In other words, appropriate information
can be supplied not only to the committee of the
control organization but also to the social
discussion and the discussion at the site of
deciding policies. The review (for example,
consultation document on a specific problem)
issued by the UK’s control organization HFEA has
very high quality contents. The high level of the
control organization that can issue such a review
can increase the reliability in the general society,
and is presumed to be reflected to the high level
of measures. Besides, with the accumulation of
information at the professional control organi-
zation, that it is possible to develop the ability of
the investigative research function itself more
getting new information continuously may be
important as a basis to deal with the development
of life science technology in the future.
In addition to the construction of such a system,
the organization to practice and researchers
should understand the significance of social
acceptance in the progress of science technology
and accept the social control system. It is
expected that specialists’ groups do not remain in
their private position and are involved in public
measures voluntarily, and it is also expected that
members of the general society are positively
involved in the formation of public measures as
formers of a community, and it is important that
the opportunity and process for discussions and
hearing for that are set up.
As for the uncertainty contained in the state-of-
the-art life science technology, as the research
develops, the actual status and the practical
influence become visible. Besides, new science
technology appears one after another. Then, a
static regulation only by law has its limitation. On
the aspect of life science technology changing all
the time, and on the aspect of the society that
accepts it, a dynamic and comprehensive control
Figure 3: Analysis of the system structure in the UK
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system works to deal with them appropriately, and
the development of life science technology and
the social acceptance must be obtained at the
same time. The system in the UK is considered to
be clearly suggesting what kind of social
governance system is required in Japan.
How the respective countries deal with
common social questions (ethical questions of
science technology) raised by life science
technology developing rapidly will have a
significant inf luence on the future world.
However, as seen in the questions raised by the
state of the social regulation of bioethical issues, at
present in Japan, (i) we can say that the social
technology forming the social system to adapt to
changes and the basic structure to give dynamism
to various systems constituting the society are still
poor or fragile. In addition, (ii) we can indicate
that the system to realize and operate the
community to flexibly adopt the social voluntary
participation and social opinions and discussions
is not enough partly. Therefore, the general
citizens, specialists’ groups and government must
collaboratively aim to realize the practice of
researches and medical care and the social
acceptance at the same time.
In the future, the bioethical issues induced by
the progress of life science technology are
considered to be increased and more serious, and
to resolve them, it may be the time for Japan to
aim at constructing a social governance system
(control system based on the social self-decision)
of life science technology. When we construct a
system that conforms to Japan, it is effective to
refer to the state of the existing system in the UK
constructed reasonably. That is, what we have to
consider is setting up an independent committee
that controls bioethical issues, and constructing an
organization to solve problems professionally
based on the licensing system, and the system.
With such a system as a skeleton, the basis to
deepen the arguments of bioethical issues in the
society and the basis of the transparency and
disclosure are likely to be formed.
In the US where there is no professional control
organization established similarly to Japan, there
was an opinion that the necessity of setting up a
professional control organization for the current
life science technology was the same as the
necessity of setting up the Federal Aviation
Administration to deal with the civil aviation
services that had just appeared. This indicates that
the new aspect of the modern life science
technology is already in a situation difficult to
control as science technology of new age without
a professional organization (Fukuyama, 2002).
For Japan aiming at a nation based on science
technology and invention, the touchstone for
future prospects of science technology and social
system in Japan may be unexpectedly found in
such a point (how to tackle the construction of a
social system to deal with the bioethical issues).
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Glossary
* 1 The clone law and arguments at the Council
for Science and Technology Policy (Expert
Panel on Bioethics)
The clone law, “The Law Concerning
Regulation Relating to Human Cloning
Techniques and Other Similar Techniques”
(2000), was provided mainly to prohibit
preparation of human cloned individuals.
Article 2 of the supplementary provisions
provides “within three years of this Law, take
necessary measures in accordance with the
results of the study and examination by the
Council for Science and Technology Policy,
Cabinet Office concerning the method of
handling of a human fertilized embryo as the
beginning of a human life” and the time limit
is June 2004.
The assisted reproductive medicine is being
conducted in at least 36 countries as sterility
therapy (Suganuma, 2001; pp. 152-161), and
the criteria provided individually are used in
the respective countries. However, a standard-
ized regulation is being sought out by EU
(European Group on Ethics in Science and
New Technology).
* 2 Regenerative medicine and ES cells
“Regenerative medicine” is to positively utilize
cells of biological tissues or organs that
caused functional disorder or dysfunction to
attempt regeneration of the functions (The
Japanese Society for Regenerative Medicine).
As cells expected to support such a medicine,
cells having proliferative ability (and
autoproductivity) and differentiating ability,
that is, cells called stem cells attract attention.
The stem cells consist of embryonic stem (ES)
cells established from early embryo, fetal
tissue stem cells and EG cells established from
fetal germ tissues, and somatic stem cells
possible to be collected from adults. In
relation to human embryos, particularly,
establishment of ES cells is the question.
The property of ES cells is that they have a
latent ability that may contribute to formation
of every organ, and that they have a good
proliferative ability and a great deal of
experience in animal experiments and are
considered to be easy to establish a culture
system maintaining the character stably. As for
somatic stem cells, one type with a good
differentiating ability was reported, but the
difficulty in their collection and growth in the
culture system is indicated.
* 3 Change of the regulation of human embryo
In Germany, “the law of embryo protection”
was established in 1991, and the use of
human embryos was str ictly restr icted,
although the assisted reproductive medicine
was allowed. However, according to “the stem
cell law” (Gesetz zur Sicherstellung des
Embryonenschutz im Zusammenhang mit
Einfur und Verwendung menschlicher
embryonaler Stamzellen) proclaimed on June
28, 2002 (enforced on July 1), as an
exceptional provision, the import and use of
ES cells for researches were to be allowed
conditionally (Iwashi, 2002). In the UK, in
2001, the text of the law was added to
approve expansion of the use for researches.
* 4 Regulation in Japan and the issues
In our country to date, no law including
comprehensive and direct provisions on the
handling of human embryos has been
established. The Japan Society of Obstetrics
and Gynecology has established rules as the
society’s notice to apply them to the assisted
reproductive medicine and researches
conducted by the members. However, it is in
a state of voluntary and arbitrary one limited
to the members registered at the society.
On the other hand, there are various issues
including the current status that occasional
acts contrary to the self-imposed restraint of
the society’s notice are performed openly,
appearance of the new concept of giving
priority to children’s welfare such as the right
to know their birth details and parentage,
demands of mental support by counseling,
and complicated genetic and social mother-
and-child relationship related to surrogate
mother, embryo provision, and artificial
insemination and concern about the
inf luence on the legal system and social
system. With the question about whether the
assisted reproductive medicine between non-
spouses is right or wrong including all the
above issues, discussions considering the
legislation are being conducted centering in
an investigational committee at the Ministry
of Health, Labour and Welfare (Assisted
Reproductive Medicine Section, Health and
Science Council). However, the assisted
reproductive medicine between spouses
remains to be left without particular control,
regulation and protection of the government.
* 5 Progress of life science technology and
bioethics
In March 2001, in the “Science and
Technology Basic Plan” for the second term,
life science was given as one of four fields
regarded as important, and in the item of
“Science technology-related ethics and social
responsibility,” the significance of the issue of
bioethics as a subject inseparable from the
development of science technology was listed
first.
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* 6 Sociological consideration as part of life
science technology
In the US, research programs of Ethical, Legal
and Social Issues (ELSI) were started in 1990.
The purpose is to specify the ethical, legal and
social issues associated with the human
genome plan and genome researches, and
analyze them, and provide information about
the issues to the general society.The research
programs are used by the National Human
Genome Research Institute (NHGRI) of NIH
and the Office of Biological and Environ-
mental Research (OBER) of the Department of
Energy. By the authorities, at least 284
research and education programs were
supported, and more than 625 achievements
were reportedly made. The achievements
were evaluated to be an important intellectual
foundation of bioethics-related policies. EU
appropriate 2% of the budget of science
research grant-in-aid for ethical researches
(Ayano, 2001). The Japan Association of
Bioindustries Executives, 2001.
* 7 In vitro fertilization (IVF) children
Patric Steptoe and Robert Edwards, whose
study succeeded in the birth of the first IVF
child, reportedly could not get public research
expenses because of doubts in safety (J.
Gunning).
In Japan, the birth of the first IVF child was
reported by Tohoku University in 1983, and
ethical disputes were caused, and at the same
time, many inquiries from people suffering
from sterility were reportedly received at the
Department of Obstetrics and Gynecology of
the university (Suganuma, 2001, as citation
from Suzuki, M.: “In Vitro Fertilization:
Documentary to the success,” Kyoritsu
Shuppan, 1983).
In Japan, there were reportedly 12 thousand
cases of IVF children (approx. 1% of all
newborns, 2000) annually, and more than 40
thousand cases in cumulative total (Council
for Science and Technology Policy, 2001;
Suganuma, 2001, pp. 72–82).
* 8 Human cloning
Currently, international cooperation of human
cloning regulation, that is, an international
treaty for prohibition of human cloning is
being assessed in the United Nations
(proposed by Germany and France at the 56th
general assembly on August 7, 2001).
However, some countries are appealing for
prohibition of both reproductive cloning and
therapeutic cloning centering in the US, and
other countries are appealing for prohibition
of reproductive cloning first of all (e.g.,
Germany, France, Japan), and the difference in
opinions between both has not necessarily
been ironed out (Hishiyama, 2002).
* 9 Details leading to the Warnock Report and
HFEAct
For the details leading to the Warnock Report
and HFEAct, Miki (1995) analyzed them as
shown below.
The Departmental committee on Human
Artificial Insemination, which was set up
within the government office in 1958, issued
a report in 1960. In the report, they approved
artificial insemination with husband (AIH),
and stated that they did not regulate artificial
insemination with donor (AID) but would not
use it as far as possible. After that, in 1973, a
committee set up in the British Medical
Association made a proposal, and based on
the proposal, the self-imposed restraint by the
Royal College of Obstetrician & Gynecologist
(RCOG), establishment of the AID center, and
application of the National Health Service
were realized. At this point of time, artificial
insemination is considered to have been
accepted as a technique socially insuppressi-
ble.
* 10 Warnock Report
The Warnock committee was organized as an
advisory committee by the government in
1982.
• The composition of the members is:
philosophy 1, theology 1, administration 1,
midwife 1, clinician 3, psychology 2, medical
research 1, head of review board 1, social
worker 1, lawyer 2, foster parent association 1,
chairman of foundation 1, a total of 16
members.
• Collection of opinions: testimonies of 254
groups, 695 letters remitted.
• Subjects discussed: (a) common issues, (b)
individual issues ((i)artificial insemination, (ii)
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in vitro fertilization, (iii) offer of egg, (iv)
offering method of embryo, (v) surrogate
mother, (vi) application of the technique of
sterility therapy, (vii) freezing and storage of
semen, egg, and embryo), (c) research of
various problems in scientific research and
the prospects, (d) contraceptive treatment
service and regulation of research.
• The composition of each subject was to be:
(1) definitions and contents, (2) objections,
(3) favorable opinions, (4) view as the
advisory committee and the matters to be
noted.
• As for the conversion of opinions, it
conversed in all items except for the item of
use of embryo. Issues with different opinions
were described at the end of the article as
“expression of different opinions.”
* 11 Social responses after Warnock Report
Many mass media took up the report in the
society, and in 1985, it was reportedly agreed
that the issue is a social problem requiring a
careful consideration (Muto, 1994). As a result
of a sufficient campaign, general people’s
interest was caused, and the human embryo-
related knowledge, for example, even what
“the primitive streak” was said to have spread
in those days (A. McLaren).
In the health system in the UK, the order of
priority in the fund supply of the National
Health Service (NHS) by disease is decided by
the local authorities, but the order of priority
in assisted reproductive medicine is not high
(said to be after treatment for erasing tattoos).
The fund is only received for about 20% of the
assisted reproductive medicine, and there are
some conditions in the fund supply, and it is
reported that there is a waiting list of about 4
years (Ishii, 2001b).
* 12 House of Lords select committee on stem
cell research report
Considering the expansion of researches
using embryo in 2001, a positive investigation
of the actual use for research purpose was
conducted to report. For the investigation,
testimonies were obtained from 53
associations and 58 persons in writing or in
writing and orally, respectively, to make them
grounds for judgement.
The principal points of the investigation
were: (i) the point that use of embryo may be
unnecessary because of the progress of
somatic stem cell researches, (ii) the point
that use of embryo is expanded to the
research purpose may be ethically
inappropriate, and (iii) the point that the use
may lead to preparation of cloned individuals.
For these points, recommendations covering
27 items were made, and a summary or copy
of the major items is shown below. (The
figures are the numbers specified in the
report.)
4. To ensure maximum medical benefits, it is
at present necessary to keep open both
routes (ES cells and somatic stem cells) in
therapy, since neither alone is likely to
meet all therapeutic needs.
7. Whilst respecting the deeply held views of
those who regard any research involving
the destruction of a human embryo as
wrong and having carefully weighed the
ethical arguments, the Committee is not
persuaded, especially in the context of the
current law and social attitudes, that all
research on early human embryos should
be prohibited.
8. Fourteen days should remain the limit for
research on early embryos.
9. Embryos should not be created specifi-
cally for research purposes, unless there is
a demonstrable and exceptional need that
cannot be met by the use of surplus
embryos.
11. With regard to the rule of embryos for
research purposes within 14 days, ethical-
ly, fertilized embryos are not distinguished
from cloned embryos.
12. Cloned embryos should not be prepared
unless there is sufficient reason that
surplus embryos are inappropriate for a
specific purpose.
14. Due to the problem of safety, preparation
of human cloned individuals cannot be
approved at this stage.
15. From an ethical point of view and due to
problems involving human experiments
and the welfare of the family and children,
etc., preparation of human cloned indi-
viduals cannot be permitted.
19. In light of the progress of somatic stem
cell researches, etc., whether human
embryo researches are still required or not
should be judged at an appropriate time,
perhaps towards the end of the decade.
23. When the Government brings forward
legislation, consideration should be given
to making an express provision for such
basic research when necessary as a
precursor for the development of cell-
based therapies.
24. The condition of offering sperm and egg
free of charge is important for preventing
commercialization of assisted reproduc-
tive medicine, and should be strictly
maintained.
26. It is necessary to establish a stem cell
bank under a committee for supervision
and direction in order to verify the quality
of ES cells and to monitor the use, and the
ES cells for research licensed by HFEA
should be registered there.
27. Considering well the characteristics of ES
cells that enable permanent subculture,
HFEA should make it mandatory to obtain
informed consent for such use including
for various situations in the future. If the
range of use is limited in the first informed
consent, ES cells should not be established
using an embryo.
* 13 Primitive streak
Since Warnock Report, in the UK, based on
the developmental change, the appearance of
“primitive streak” has been used as an aim of
one section in the development from embryo
to individual.
Reference:
In Germany, the process after fertilisation to
the time point of nuclear fusion is not
regarded as a human embryo to be protected.
It is because after fertilization, two pronuclei
originated from the sperm and egg,
respectively, exist separately for about 12-24
hours to cause DNA replication, and after
completion of the replication, nuclear
membrane is fused and synapses of
chromosomes occur first, when the maturity
as a single cell is completed. During the time,
it is a stage on the way to formation of a single
embryo possible to grow, that is, it was
regarded as not corresponding to the concept
leading to a human individual as a subject for
protection. Therefore, in Germany where
frozen storage of human embryo is prohibited,
only fertilized eggs before nuclear fusion are
considered to be subjects for procedures of
researches including the freezing procedure.
However, in Germany, embryo transplant, etc.,
in the assisted reproductive medicine is
permitted. (Günther & Keller, 1991; Ichino-
kawa, 1994; Suzumori, 2002, p. 19.)
* 14 Review of research subject
In order to conduct a peer review (review by
specialists) of the research subject, 44 peer
reviewers were registered at HFEA, and the
purpose of the research subject, the potential
importance, the justification for use of human
embryo, the validity of the experimental plan,
the suitability of the duration, and the
suitability of the qualification of the
applicants are judged. The results of the
review are shown to the applicant, and the
application is revised to increase clarity and
sent for license review by the HFEA commit-
tee.
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Trends in Bioinformatics Technology
ATSUSHI NOGI AND SHOTARO KOHTSUKI
Affiliated Fellows
4.1 Introduction
Through international cooperation, the Human
Genome Project has proceeded at a greater-than-
expected speed. Accomplishing the draft
sequencing by June 2000, the project has now
entered its final stage toward complete sequence
determination. Japan’s contribution to the project
was 6–7%, which corresponded to the budget
scale. However, problems have remained, such as
the lack of strategy, which has forced Japan into a
late start in this area. Nevertheless, research
projects such as complete sequencing of mouse
full-length cDNA (See Footnote) and rice genome
sequencing led by The Institute of Physical and
Chemical Research (RIKEN), accomplished in
August 2002, and ascidian genome sequencing
conducted as a joint research project between
Japan and the U.S., completed in December 2002,
have driven genome science into a new stage.
Now that human genome and mouse cDNA have
been sequenced, the focus should be shifted from
sequence analyses to comprehensive, systematic
functional analyses. Japan has advantages in
fundamental technologies such as rice genome
and full-length cDNA libraries and, therefore, has
great potential to take the leading role both in
academic and applied areas.
In recent years, the speed-up and automation of
analyzers have resulted in the generation of vast
amounts of experimental data, which has imparted
a growing importance to information technology.
In addition to the improvement of data processing
efficiency, knowledge of mathematics and
informatics is required to cope with the com-
plicated, comprehensive analyses performed on
genome information. In order to work on such
issues systematically, a new academic area,
bioinformatics, has been created by the interface
of bioscience and informatics.
Bioinformatics has been covered in the article of
this journal’s November 2002 issue, which
introduced an overview of the trends in
bioinformatics from a bioscience point of view.
This report article is a sequel to this, discussing
the methodology for the systematic understanding
of genome and life phenomena and the up-to-date
issue of human resource development.
4.2 Informatics-based
approaches in bioinformatics
If we view the issues in genome research from
an informatics point of view and attempt their
formulation, we soon realize that most of such
issues are far beyond the capabilities of existing
calculators.This can be attributed to the extremely
long lengths of genomic sequences and to the
combinatorial nature of the issues.Therefore, such
issues must be analyzed by approximate or
heuristic means. The development of practical
algorithms is the main research area in
bioinformatics, and its achievements have greatly
Footnote:
full-length cDNA: cDNAs are DNAs obtained
by excluding unnecessary sequences from
genomic DNAs. cDNAs are generated by using
mRNAs (messenger RNAs, the genetic infor-
mation-carrying substances that only contain
protein-encoding sequences) as templates.
Unlike partial cDNA fragments, full-length
cDNAs possess all the information necessary
for protein synthesis and is therefore capable
of synthesizing proteins. Efficient synthesis of
full-length cDNA requires very high skill, in
which Japan takes the initiative among other
countries.
contributed to the success of genomic se-
quencing. Whole genome shotgun sequencing, an
approach employed by Celera Genomics (U.S.),
involves the assemblage of tenmillions of random
sequence fragments as in a jigsaw puzzle. At first,
the approach itself was considered to have great
uncertainty, but using top-performance calculators
and a unique algorithm, Celera Genomics
accomplished sequence determination at an
astoundingly high speed, which has strongly
demonstrated the power and effectiveness of
informatics.
Using approximate means does not necessarily
come up with the optimal solution.Therefore, the
analysis results require biological evaluation, based
on which the algorithms or parameters must be
modified. Bioinformatics can be characterized as a
tool for narrowing down the vast search domain,
which otherwise requires experimental confir-
mation. It also enables systematic, comprehensive
analyses to elucidate the general view of life
phenomena, which could not have been seen by
analyzing the individual genes.
To date, the main research subjects in bio-
informatics were the construction of genomic
databases, and the development of data analysis
tools and their application techniques. From now
on, a higher data-processing capability will be
employed in genome research for discovering
genes and predicting their functions. As shown in
Figure 1, genome research, which started from
genome sequencing, has gradually shifted its
research subject from DNA to genes, genes to
proteins and proteins to individuals, increasing the
complexity and diversity of the subjects. The
subjects of analyses have shifted from sequences
to functions or actions. Research and development
in bioinformatics must be in concert with such
trends in genome research.
4.2.1 Databases
The majority of the vast amounts of data
generated from genome research are registered in
public databases, which are available to the public
through the Internet. Such data can be viewed as a
research foundation, which serves as a starting
point for every informatics research. The number
of DNA sequence data registered in public
genomic databases (GenBank (U.S.), EMBL
(Europe), and DDBJ (Japan)) are growing ex-
ponentially (Figure 2). Conventionally, databases
were used to accumulate primary data such as
DNA sequences and protein structural data, but
along with the progress of genome projects, they
have diversified, incorporating new types of data
such as data on single nucleotide polymorphisms
(SNP) or mutations and data on gene or protein
interactions. In order to perform analyses em-
ploying such diverse types of data, further ad-
vances in databases and information technology
are required.
(1) Annotation of databases
A series of processes for discovering new
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Figure 1: Research trends in bioinformatics
knowledge from various data is called data mining,
an important technique in bioinformatics.
However, after the experimental data are
registered in databases, they are left unprocessed,
obstructing the effective application of data
mining techniques. To solve this problem,
information on their interpretation must be
imparted to such data. This process is called
annotation. Although computerization of
annotation is currently under way, computers
alone cannot figure out the optimum annotation,
requiring human assistance for its validation. A
conference on the annotation of mouse full-length
cDNA sequence determined at RIKEN was held in
August 2000 at RIKEN in Tsukuba.The annotation
process involved 2 weeks of heated debates by
participating researchers from various countries.
Beyond interpretations of individuals, annotation
requires the cooperation of researchers from
various organizations for its validation.
(2) Integration of ideas and vocabularies
Each gene or protein is given a customary name
during its research process. As a result, the same
protein may have been given several different
names in different research areas, which require
integration. As genome sequencing has been
successively accomplished in human and other
model organisms, more and more studies are
beginning to focus on the entire living world.
Conventionally, databases have been constructed
independently for each model organism (E. coli,
yeast, mouse, etc.), but the lack of criteria for the
integration of terms or molecular names have
hindered their efficient use.
In order to solve these problems, organization of
non-standardized vocabularies has been initiated
to enable their systematic description. Such
process is called ontology, a process for imparting
consistent terms and definitions to ideas. The
establishment of ontology has been promoted for
each research area, such as gene ontology
covering genes, interaction ontology covering
molecular and cellular interactions, and signal
ontology covering signal transductions. Progress in
such integration and systematic classification of
vocabularies should increase mutual application of
databases, thereby enabling mutual reference
among databases of different species.
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Figure 2: Transition in the number of bases registered
Source: Website of DNA Data Bank of Japan
4.2.2 Homology analysis
Homology analysis is a powerful approach for
studying the functions of genes or proteins based
on interspecific amino acid sequence similarities.
Proteins show higher structural and functional
similarities between closely related species. Con-
sequently, if a functionally identified gene with a
similar sequence to the target gene can be found
in another species, it would serve as a key to pre-
dict the functional characteristics of the target
gene.
In a homology analysis involving an extremely
long sequence such as a genomic sequence, speed
is required in finding homologous sequence
regions.Typical analysis programs for this purpose
are FASTA (Fast Alignment) and BLAST (Basic Local
Alignment Search Tool). Comparing these two,
BLAST is more commonly used, due to its higher
processing speed, while FASTA is used in detailed
analyses due to its high detection sensitivity.
Even BLAST or FASTA requires a long time to
search through large-scale genome databases. In
such cases, parallelization of the searching process
is effective. Examples of parallelization methods
are the multiprocessor method SMP (Symmetric
MultiProcessor), PC clusters and grids. The
multiprocessor method involves the loading of
multiple CPUs onto a single computer system to
increase the processing performance. PC cluster-
ing realizes a parallel calculator at low cost by
connecting multiple standard PCs through
networks. The widely used BLAST program
provided by NCBI (National Center for Bio-
technology Information: an integral database for
biological data in the U.S.) is designed for multi-
processor type parallel calculation, but the multi-
processor method requires expensive hardware
costs. Therefore, BLAST designed for the less
expensive PC clustering is available for practice.
Another alternative is the sharing of the
calculation environment, which is represented by
grid. Grid is one of the information technologies
receiving great attention in recent years. The
BioGrid Project by Osaka University and OBIGrid
(discussed later) of Initiative for Parallel Bio-
informatics (IPAB) are examples of domestic bio-
related grids. OBIGrid provides an environment for
using the latest databases and applications
required for bioinformatics. By using such pro-
grams, individual laboratories no longer need to
purchase expensive calculation facilities. Our
country must work on the further enrichment of
such domestic efforts.
4.2.3 Protein structure analysis
Proteins are functional molecules fundamental
to life activity, which are the final products
synthesized in vivo based on the genomic in-
formation. One of the largest objectives in bio-
informatics is to understand the relationship
between the amino acid sequence and three-
dimensional structures of proteins. In these few
years, the amount of data concerning protein
structure has increased drastically, showing a 10-
fold increase from a decade ago.
The three-dimensional structure of a protein is
uniquely determined by its amino acid sequence,
which means that theoretically the structure of a
protein can be predicted from its sequence.After a
protein is synthesized in a cell, it is folded into the
most energetically stable structure within a few
milliseconds to seconds. This process is called
folding. The precision of protein structure
prediction based on molecular dynamics is still
poor, due to the enormous amount of calculation
required for this approach.
An example of a practical approach for
structure prediction is homology modeling.
Homology modeling takes advantage of the fact
that proteins with similar sequences also have
similar structures. When the target protein has
30% or higher homology with a known protein at
a sequence level, the structure of the target pro-
tein can be predicted by partially altering the
structure of its homologous protein.
Since the prediction of the protein structure has
already been realized, the focus of protein re-
search has now shifted into functional analysis.
Functional analysis for predicting the functional
characteristics of proteins is an important step for
drug discovery, and the role of bioinformatics
should be extremely important in this area.
4.2.4 Gene Network
The determination of complete genome
sequences or protein structures does not mean
that we have fully understood the life itself. Our
next step is to figure out how genes interact with
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each other. To elucidate such network of genes,
the vast amount of information that has been
accumulated in bioscience needs to be system-
atized in terms of interaction, so that it can be
handled with calculators. Therefore, this area is
being focused on as a new application area of
bioinformatics.
In genome functional analyses, the whole set of
genes expressed in a cell is called transcriptome,
and the whole set of proteins synthesized from
genes is called proteome. Identifying when and
how a gene is expressed would provide an im-
portant clue to the identification of its function.
Data obtained from proteome analyses are also
useful for other researchers. Swiss Institute of
Bioinformatics is promoting database construction
of electrophoresis gel images representing the
analysis results obtained for proteins contained in
experimental samples. However, since proteome
data are patentable and directly lead to industrial
applications such as drug discovery, their public
disclosure is moving towards restriction. There-
fore, it is urgent that domestic proteome-related
databases are established.
In addition, studying the cell as a dynamic
system constructed by genes encoded in the
genome is becoming a main research theme in
bioinformatics. Kyoto University’s KEGG (Kyoto
Encyclopedia of Genes and Genomes) system
discloses the results from their gene network
research in the form of a database. The con-
ventional methodologies for biological research
based on the description of gene functions are
inadequate for gene network studies, and must be
integrated with informatics.
4.3 Issues in bioinformatics
from the viewpoint of
information technology
Most analysis tools (software) used in
bioinformatics are dependent on technologies
developed abroad. As a consequence, their
functions are hidden in a black box, such as
unshared source codes and online-limited distri-
butions. Most commercial software programs are
provided in combination with foreign software.
Table 1 shows a list of well-established genome
sequencing software programs that appear in
standard American college textbooks. As can be
seen, software developed outside the U.S. are
extremely rare.Although there are some excellent
domestic application software such as those for
protein structure prediction and gene annotation,
basic software with widespread use as those listed
in Table 1 are rarely found. The following are the
possible reasons mentioned by some researchers
in their interviews.
• Japan is far behind the U.S. in terms of the
number of bioinformatics researchers. In the
U.S., researchers can promptly switch their
careers along with the shift in research trends.
Such mobility in human resource has enabled
quick securement of sufficient researchers
specialized in bioinformatics. Human resource
development in the bioinformatics area is an
urgent issue for Japan.
• The integration of informatics with bioscience
has not quite proceeded. The developer of
BLAST was originally specialized in mathe-
matics. We need an environment where re-
searchers from different areas can work
together.
• The development of software necessary for
bioinformatics is abandoned before reaching
its distribution. Working programs within
individual research activities are left without
further development. Even when a highly
original algorithm is developed, the work is
abandoned after its publication and does not
lead to software development. Furthermore,
the distribution of software requires packag-
ing of manuals, installation tools and distri-
bution media, which cannot be afforded by
individual researchers.
An effective solution to these problems is the
establishment of an environment for developing
human resources specialized in bioinformatics or
a system for evaluating the applicability of
software and distributing them. A structure for
providing governmental support to such systems
needs to be discussed.
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4.4 Domestic projects in
bioinformatics
While slowness in the progress of domestic
bioinformatics research has been pointed out,
there are some domestic research projects that
can match U.S. and European researches.
4.4.1 Protein structure prediction program
With drug discovery in view, protein structure
prediction is currently attracting great interest. In
2000, a team led by Professor Umeyama of
Kitasato University developed FAMS and achieved
high marks in CASP (the Critical Assessment of
Techniques for Protein Structure Prediction), an
international contest of protein structure
prediction. FAMS outscored the programs
developed in the U.S. and other countries that are
commonly used in this area. Unlike other
programs, which employ a bottom-up approach to
construct an entire structure from partial
structures, FAMS broadly grasps the entire
structure before predicting the partial structures.
This is how humans recognize structures, first
focusing on the whole, and FAMS incorporated
this human’s view of structure recognition in its
algorithm. Participation in such international
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Software Inventor/creator Characteristics
FASTA
BLAST
PSI-BLAST
SEG
SSEARCH
Bayes block aligner
PROBE
ClustalW
PILEUP
MSA
PRRP
SAGA
HMMER
ProfileSearch
MAST
RepeatMasker
TWINSCAN
Homology search
Multiple alignment (alignment of multiple sequences)
Profile search (search for characteristic patterns)
Gene discovery
Pearson 1988 (University of Virginia, 
U.S.)
Altschul 1990 (U.S. MCBI)
Altschul 1997 (U.S.)
Wootton, Federhen 1993 (U.S.)
Pearson 1991 (U.S.)
Zhu 1998 (U.S.)
Neuwald 1997 (U.S.)
Higgins, Sharp 1988 (U.K.)
Fen. Doolittle 1987 (U.S.)
Lipman 1989 (U.S.)
Goto 1996 (Japan National Institute 
of Advanced Industrial Science and 
Technology CBRC)
Notredame, Higgins (France)
Eddy 1998 (U.S.)
Gribskov 1996 (U.S.)
Bailey, Gribskov 1997 (U.S.)
Smit (University of Washington, U.S.)
Korf (University of Washington, U.S.)
Higher detection sensitivity than BLAST.
Higher speed than FASTA. Most commonly used.
Dialogic version of BLAST for searching protein families. 
Higher detection sensitivity than SSEARCH.
Increases comparison precision by excluding low-complexities and 
repeats.
Provides optimal alignment by using dynamic programming. 
Extremely slow.
Employs Bayes statistics. Slower than SSEARCH, but detects 
distantly related sequences.
Similar function as PSI-BLAST. Finds most significant sequence set 
via non-dialogic process using Bayes statistics.
Provides alignment of multiple sequences using a progressive 
approach. Most commonly used for multiple alignment.
Provides alignment of multiple sequences using a progressive 
approach. Employs the Needleman-Wunsch approach for sequence 
comparison.
Provides optimal alignment via multidimensional dynamic 
programming.
Constructs dendrograms and improves alignment via iterative 
learning.
Selects highly scored alignments using a genetic algorithm.
Employs the Hidden Markov model.
Searches sequence patterns (motifs).
Searches sequences matching gap-free sequence blocks.
Detects and removes repeats to facilitate gene discovery.
Compares genomes between different species and finds genes from 
conserved sequence regions. A hybrid of the alignment approach 
and ab initio approach.
Table 1: Major genome sequencing software
Source: Authors’ compilation based on reference [1]
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contests should promote domestic research and
development.
4.4.2 Biogrid
Grid is an information technology that has
gained great interest in recent years. It is an
electric power-transmission network developed
based on an image of “a computer system that
allows you to use calculation power or discs freely
just by plugging in, similar to electricity” (cited
from “Trends in Grid Technology” in the February
2003 issue of Science and Technology Trends
Quarterly Review).
Biogrid aims at the sharing of the program path
necessary for bioinformatics through grid
technology.
OBIGrid (Open Bioinformatics Grid) is led by
“Genome Information Science,” supported by
Grant-in-Aid for Scientific Research on Priority
Areas from the Ministry of Education, Culture,
Sports, Science and Technology, and Initiative for
Parallel Bioinformatics (IPAB). It aims at
establishing an environment that enables the use
of the latest databases and applications by just
accessing the grid. OBIGrid has the potential for
being a hub of genome analysis, lowering the
barriers for new researchers entering the
bioinformatics area. It should attract many
researchers who, by themselves, cannot afford to
arrange an environment for using various
databases and applications required for
bioinformatics research. Furthermore, the grid may
provide the opportunity for disclosing experi-
mental data that are usually hoarded. Since files
can be easily accessed as in a LAN environment,
novel discoveries from such experimental data can
be expected.
4.4.3 Commercialization by business-academia
collaboration
There is a move afoot to commercialize and
distribute the software developed in public-
funded bioinformatics research. The cDNA
function annotation system developed in the
FANTOM (Functional Annotation of Mouse)
project of RIKEN was commercialized in 2002.The
system is noteworthy as a successful case where
the achievement of a cooperative research project
between a public research institute and a private
corporation led to a general-purpose package.
The cases mentioned above represent the
potential of domestic bioinformatics research in
Japan.
4.5 Efforts in human resource
development
4.5.1 Talents sought for bioinformatics
research
When researchers were interviewed about the
causes of the slowness in domestic bioinformatics
research, the predominant answer was “the lack of
human resource.” Bioinformatics is essential as a
technology that strongly promotes diverse
analyses ranging from genome and DNA analyses
to structural and functional analyses of proteins.
Since bioinformatics is an amalgam of informatics
and bioscience, human resource development is
an important task in our country. Bilingual talents
understanding the languages of both bio-
logy/medicine and informatics are desired.
Furthermore, the lack of communication and
transaction across divisions and departments was
also blamed for the slowness in domestic
informatics research. In the FANTOM project of
RIKEN, researchers from bioscience, medicine and
informatics worked in close cooperation, which
led to a great achievement. It is difficult to exploit
mutual research results between informatics and
bioscience areas merely by exchanging ex-
perimental and analytical data. The researchers in
these two areas must not draw a distinction
between their roles in such cooperative projects.
Regarding informatics specialists, those skilled
in DB structure and programming are preferred
for dealing with the enormous amount of data.
Meanwhile, bioscientists are not asked to have
great knowledge in IT, but are required to have
sufficient understanding in the mechanisms of
analytical programs and good command of them.
Whenever needed, they should be capable of
modifying the programs according to the
individual experiments.
An effective way to develop human resources
seems to be the promotion of human resource
flow from the IT area with abundant talents into
the bioscience area. However, a high level of
bioinformatics research cannot be achieved
without a deep understanding of bioscience and
medicine. Therefore, we must create a path for
bioscience/medicine specialists to study IT and
proceed into the bioinformatics area to secure
high quality human resources.
In Western countries, especially in the U.S.,
researchers who have mastered informatics find
their way into new research areas such as genome
science. Their collaboration with genetics
researchers led to advances in the bioinformatics
area. Theoretically and mathematically supported
analytical approaches have been applied to gene
expression or protein structure/function
experiments, and after repeating trials and errors,
they were finally established as practical analytical
techniques.
4.5.2 Policy for human resource development
Bioinformatics, moreover, is greatly expected as
a new academic area. Due to the radical advances
in genome science and protein research, an
immediate supply of human resource is demanded
by many research institutes including private
institutes. Human resource development in the
bioinformatics area is an urgent task, which should
be promoted by the establishment of an
environment having the following conditions.
(1) Graduate schools should offer students the
option of studying in both areas of infor-
matics and bioscience/medicine, and
approve research in the amalgam area.
(2) An environment where informatics research-
ers or technicians can collaborate with
bioscience/medical researchers must be
established. This should promote the
integration of experiments with bioinfor-
matics. For example, analytical algorithms
may be developed according to the progress
of DNA or protein experiments, leaving the
actual analysis to computers. This should
promote technical advancement and devel-
opment of practical talents.
(3) A system for evaluating the achievements
and technical contributions of inventors of
various computer analysis algorithms and
software tools used in bioinformatics should
be established.
For developing human resources for infor-
matics, flexible management or modification of
graduate school curricula should be effective.
Additionally, faculty positions must be established
in the bioinformatics area to offer bioinformatics
researchers a career path comparable to those in
existing areas. Evaluation of research achievements
and human resource allocation must be performed
within such framework. Furthermore, develop-
ment of research systems accepting the partici-
pation of private institutes is desired. Such policies
can also attract new entrants from the related
academic areas. Especially, research areas such as
mathematics, statistics and mathematical engi-
neering can greatly contribute to the development
of the theoretical foundation in bioinformatics.
Governmental funding should be provided for
systems meeting these requirements.
In 2001, Keio University established Advanced
Life Science Institute Inc. in Tsuruoka City,
Yamagata prefecture.With the slogan of “IT-driven
bioscience,” the institute provides an environment
where faculties and young researchers in
informatics and bioscience areas, together with
the students, can study the mutual areas and
conduct amalgam research. In 2002, Osaka
University established the Graduate School of
Frontier Biosciences, which is an interdisciplinary
department composed of life science-related
laboratories from Osaka University, including
laboratories of medical/bioscience, bioen-
gineering, biology and physics.
Meanwhile, in 2001, the government established
human resource education units, supported by
Special Coordination Funds for Promoting Science
and Technology, for the prompt education of
bioinformatics professionals. By 2002, a total of 6
units were established in Tokyo University, Kyoto
University, the National Institute of Advanced
Industrial Science and Technology, Keio University
and the Nara Institute of Science and Technology,
and integrated human resource development is
progressing in each unit. By spreading such
movements to other universities and research
institutes, activation of bioinformatics and other
interdisciplinary research areas should be
promoted.
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4.6 Conclusion
Speed is an important factor in genome
research, the area in which bioinformatics exerts
its strength. Many countries are making rapid
investments of research resources in this area, and
Japan is also increasing its investment in genome
research.Yet, the development of domestic human
resources in bioinformatics, which support
genome research accelerating toward drug
discovery and tailor medicines, has not reached an
adequate level.
Genome and protein research is gradually
shifting into a new stage, from relatively simple
sequencing into functional analysis and,
furthermore, into application. Along with this
trend, requirements for bioinformatics will grow
larger, as well as its importance in research studies.
To fulfill such requirements, it is urgent that
talents having academic/technical knowledge of
both informatics and bioscience are developed.As
mentioned in Chapter 4.5, some actions have
already been taken, but not quite enough on a
national scale.
For human resource education, in the short
term, it should be effective to establish an
environment where researchers from informatics
and bioscience/medical areas can conduct their
research while mutually sharing their knowledge
and know-how to promote collaboration between
informatics researchers/technicians and bio-
science/medical researchers. Bioinformatics-
related projects currently in progress should also
put emphasis on this point. Meanwhile, we must
promote mutual exchange of researchers and
technicians between informatics and bio-
science/medicine.
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5
Research Trends in Technology for High-Reliability Software
— Toward the Establishment of Basic Software Technology —
MASAO WATARI
Information and Communications Research Unit
5.1 Introduction
Today, 50 years after the emergence of the
computer, the device comes in a variety of forms
such as supercomputers, personal computers and
microprocessors embedded in assorted hardware.
As the use of computers has already deeply
penetrated into a wide range of activities of
businesses, society and individuals, a failure in a
computer system has a significant impact. Some of
the recent examples still fresh in our memory are
the failure in a banking system and the
malfunction in a cellular phone system. Banking
systems consist of huge and complicated
computer systems so as to process via networks
various types of transactions requested through
automatic teller machines (ATMs). On the other
hand, in the case of cellular phones, more
complex and larger software programs are used as
they not only serve as phones but also offer many
other functions including Web browsing, mail
handling, special ring tones and photo taking. An
increase in the complexity and size of software
has led to the challenge of how to ensure
reliability.
A system can be reliable only when reliable
hardware, reliable software and reliable system
administration are combined. Although hardware
reliability has been steadily improving with
technical advances, there remain a number of
problems in the reliability of software, because
software production involves a lot of manual work
and thus tends to be subjected to instability. In the
past age of mainframes (large computer systems),
individual software engineers’ craftsmanship
contributed to the development of large-scale,
complex software programs with high quality.
Compared to this, today’s software has grown
even greater in both size and complexity and is
more likely to be constructed by combining
widely used software components (commercially
available or free software) to speed up the
development process, specification and interface
descriptions between components or between
modules are very important for ensuring
reliability. Meanwhile, as technologies for software
reliability have not made major progress since the
mainframe age, it is hoped that new reliability
technologies are researched and developed.
This report intends to explain the trends in the
research on software reliability technologies and
identify the problems to be tackled to improve
such technologies in Japan.
5.2 Changes in software
production
5.2.1  Software:
Moves from “Creation” to “Combination”
In the era of mainframes, software programs
were written in different programming languages
selected to meet the objective and were run on
operating systems that were dependent on
hardware systems and specifically designed by
individual companies. Under such circumstances
there were very few commercially-available
software components so that software programs
were usually developed from scratch. Later, when
hardware became downsized to usher in the age
of workstations and personal computers, general-
purpose operating systems independent of
hardware, such as UNIX and Windows, came into
widespread use. More recently, in the Internet era
driven by the widespread availability of the Web,
applications that are independent of any particular
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operating system or platform (i.e., applications
capable of running on a common virtual machine)
have spread.
In the domain of programming languages, where
a variety of languages have been used, such as
FORTRAN for numeric computations, and COBOL
for business transactions, object-oriented
languages including C++ and Java have recently
become widespread and standard. The spread of
object-oriented languages allowed to divide
software programs into highly independent
software modules so that these made easy to
construct software components as well as to
distribute and reuse of software. In addition to
this, middleware, a type of software that functions
as a library shared across applications, has come to
be provided for each individual industry field to
intermediate between the operating system and
applications, so that application programs can
simply call and run it. Such progress has allowed
software engineers to program by composing
“software parts,” as if joining blocks. In other
words, the software development process has
changed from a task of “creation” to that of
“combination.”The change has allowed even large-
scale software to be developed in a short period
of time, resulting in an increase in the productivity
of software. Figure 1 shows a history of software
technology.
5.2.2  Need for improvement of software
reliability
(1) Changes in software development
Since many recent software products are
required to provide a large number of functions
and thereby have become increasingly compli-
cated and enlarged, improvement of their
reliability is highly demanded. For example, a
cellular phone system consists of over several
million lines of program code. Given that one
software engineer is said to be able to handle up
to about 10,000 lines, development of such
software involves a significant number of people.
They work at multiple locations of multiple
companies, sometimes even including overseas
sites to reduce development costs. Thus develop-
ment process management to maintain good
communication among engineers and among
different locations is essential, as it determines the
quality of the software being developed.
Furthermore, rapidly changing IT product
markets call for rapid specification changes,
shorter development periods and enhanced
system maintainability. Such pressure from the
market has in some cases resulted in incomplete
testing forced by a short delivery time, careless
checking for consistency following a specification
change, and insufficient maintenance capability.
There is a great risk that development may take
Figure 1: History of software technology
precedence over reliability.
On the other hand, productivity has been
increasing through the use of software compo-
nents that are more widely available in the market.
These commercial software parts, however, often
cause such problems as an inconsistent interface
or incompatibilities with specifications due to
version differences.The risk deriving from the use
of black-box software components should be well
recognized.
(2) Reliability of open source software
Recently, the use of open source software has
been growing. It has been attracting attention
since Linux, a UNIX-based operating system for
PCs, was developed using the open source
software method in 1990. Following this, basic
software for Internet-based distributed systems
and many other software programs have been
developed by using the same method. Since as to
the open source software its specification and
source code are available to the public, anybody
can verify its mechanism. Since the open source
software is developed by a large number of
volunteers who form a community and work in
parallel, superior suggestions will meet with quick
feedback, leading to a better final product. Since
the community members may act as preceding
users of the software they have developed,
widespread use of the software will be promoted.
Meanwhile, accessibility to software mecha-
nisms has come to be demanded in order to
resolve security problems caused by hackers and
the like. This is another factor that encourages
software product makers to adopt the open
source software programs.
While the advantages of the open source
software as described above have been highlight-
ed, quality of such software is not ensured because
it is basically provided free of charge.There would
be no problem in quality if the open source
software had undergone extensive testing during
the development stage and been tried by many
users to improve reliability. However, as open
source software is usually developed by a group of
volunteers without any compensation, its
reliability needs to be verified before use. It should
be aware that unverified software will take
considerable man-hours for inspection and testing.
The factors that affect lowering software
reliability, which were explained above, are
summarized in Table 1.
5.3 Software reliability 
technology
As shown in Table 2, technologies to ensure
software’s reliability are divided into three fields.
Those are support technologies at each process of
software development, management technologies
for software development process, and models
and methods for software development. These
technologies are described below.
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Too many functions and too much complexity in a system
Frequent specification changes
Short delivery periods that urge careless testing
Distributed development teams including overseas locations
Increase in black-box software components
Increase in software whose quality is not verified (open source software, software 
components)
Table 1: Factors attributing to lowering software reliability
Design Process
UML
Formal methods
Programming Process
Process Management
CMM, TQC
Development Models/Methods
Spiral model for software development, XP
Object-oriented language
Test Process
Exhaustive logic test
Boundary value analysis
State transition test
Table 2: Software reliability technologies
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5.3.1  Object-oriented language
An object-oriented language is a programming
language that allows a program and its
accompanying data to exist as a self-contained
block (called an object). In an object-oriented
language, operations are realized through
exchanges of messages between objects. In this
object-oriented scheme, data can be hidden
(encapsulated) within an object so that they can
be protected from unwanted access to ensure
higher reliability. Reliability can also be improved
by allowing clear description of the object’s
interface, which is written explicitly by the
programmer in the object-oriented language.
A programming language, on the other hand,
must be flexible because it is expected to be able
to describe any kind of specification. The
f lexibility can sometimes leave room for
inconsistency in the interface between objects,
resulting in failure to ensure reliability. That is to
say, any programming language by itself cannot
ensure reliability with flexibility.
5.3.2  System design description
To construct reliable software, a clear design
concept and a good grasp of the design among the
members involved in the development project are
indispensable in any process of software
development. As a method to describe system
design blueprints, the Unified Modeling Language
(UML) was standardized in 1997 by the Object
Management Group (OMG), a standardization
body for object-or iented languages. Many
methodologies for describing systems had
coexisted until the developers (See Footnote 1) of
the three renowned methodologies developed
UML with a view to unifying them into a single
standard. UML was comprehensive description by
compiling numerous methods that had been used
for software design. UML allows the members of
development teams to understand the system
design in the common language.
UML, as it only provides a method to describe
software designs, does not restrict the freedom of
design concepts.Therefore, any kind of system can
be described, although reliability of a resulting
system is not necessarily ensured.
5.3.3  Formal methods
The formal method, a technique that is based on
mathematical theories such as algebraic theory, set
theory and graph algorithm, can help describe
requirements with mathematical precision. In
addition, it allows developers to test and verify the
behavior of the developed software using
mathematical theories. As long as the program’s
specification is written using a formal method, any
specification error detected or any specification
change that occurs during development will result
in modification that is conducted correctly in
mathematical terms. Since specification changes
and partial modifications may cause unexpected
impacts to other part of the system, such events
are considered a major factor of reduced
reliability. Under the present circumstances where
defects are resolved case by case based on each
engineer’s experience, how to ensure reliability
remains a challenge in using formal methods.
Through research on formal methods, which
was initiated in the early 1970s, a variety of
methods for description and verification of system
specifications have been developed [1],[2].
(1) Formal specification language
A formal specification language, as it allows
software developers to write specifications based
on mathematical theories, ensures that described
specifications are free from errors and conflicts.A
number of specification languages of this type
have been developed mainly in Europe.
Formal specification languages are divided into
two categories. One is the model-or iented
language, which is used to describe software
specifications by modeling on the basis of set
theory and the like, and the other is the property-
oriented language, in which data properties are
specified based on algebraic theory.
Well-known, model-oriented specification
languages include the Z notation (See Footnote 2),
developed at Oxford University, Britain, the B-
Footnote 1:
With the intention of standardizing system
description methods, UML was developed by
Grady Booch, the designer of the Booch
method, James Rumbaugh, who advocated the
Object Modeling Technique (OMT), and Ivar
Jacobson, who proposed Use Case.
Method (See Footnote 3), originated in France, and
VDM (Vienna Development Method)(See Footnote
4), designed at IBM’s Vienna Laboratory. Among
property-oriented specification languages, on the
other hand, typical ones are OBJ (See Footnote 5),
whose development initiated in around 1977 at
the University of California and the Stanford
Research Institute (now SRI International), and
CafeOBJ (See Footnote 6), an extension of OBJ
whose development started in about 1995 at the
Japan Advanced Institute of Science and
Technology.
The Z notation, a typical model-or iented
language, permits a system to be specified as a
state machine (the state space, the initial state, and
the operations) so as to let the developer know
mathematically in advance all possible states of
the system that will take. Using a single space, this
method can describe specifications for serial
processing systems but not that for distributed
cooperative processing systems. On the other
hand, CafeOBJ, a property-oriented language, can
express data and processes in a uniform manner
based on equational logic, enabling to describe or
verify specifications of distributed processing
systems. A problem in property-oriented
languages, which resemble the functional
programming language, is their low ability of
expression. In summary, model-oriented languages
permit expression with relatively high degrees of
freedom while restricting analysis and verification.
By contrast, property-oriented languages, although
lacking expressive power, facilitate analysis and
verification.
There are a variety of formal specification
languages supporting various mathematical
models but they are not unified. Moreover,
understanding description written in these
languages takes more time because they are
written primarily using mathematical notations,
which are far away from natural language. For
these reasons, formal specification languages have
been applied only for the critical areas that require
high reliability and have yet to come into wide
use.
(2) Checking and verification tools based on
formal methods
Researches for solving practical problems by
using formal methods are actively conducted in
the U.S., and have led to the creation of tools that
can check specifications and operations of
programs or that can verify such specifications
and programs do not cause malfunctions. These
tools are divided into two categories. The first
category consists of model checking tools based
on state searching algorithms, such as SPIN (See
Footnote 7), developed at Bell Labs, U.S., in 1980,
and SMV (Symbolic Model Verifier) (See Footnote
8), originated at Carnegie Mellon University, U.S.,
in 1987. The other category is comprised of
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Footnote 2:
The Z notation is a language developed at
the Programming Research Group at Oxford
University in the late 1970s. It is used to
specify a system as a state machine (the state
space, the initial state, and the operations that
affect the state space) on the basis of set
theory.
Footnote 3:
The B-Method is a software development
tool that has been developed based on the Z
notation by Jean-Raymond Abrial, in France, in
the mid 1980s.
Footnote 4:
VDM has its roots in the research conducted
at IBM's Vienna Laboratory to verify the design
correctness of the PL/I compiler in 1974.VDM
creates a mathematical model consisting of
data sets, lists and mappings, and describes a
system specification as changes in the state of
the model.
Footnote 5:
OBJ has been developed mainly by Joseph
Goguen at the University of California (later at
SRI International and then Oxford University)
since 1977. OBJ is a formal specification
language that expresses abstract data types
strictly, using algebraic theory.
Footnote 6:
CafeOBJ, an extension of OBJ, has been
developed by an international team led by the
Japan Advanced Institute of Science and
Technology as a language to specify a system's
operations by modeling data and processes
uniformly using hidden algebra. It allows to
describe or verify specifications of distributed
processing systems.
verification tools using theorem proving, among
which PVS (Prototype Verification System) (See
Footnote 9), developed at SRI International, U.S., in
the mid 1980s, is well known.
The model checking tools based on state
searching, while permitting automatic verification,
can only be used for systems that can be described
as finite-state transition models.Also, the tools may
not be able to run if the target software is too
large, because the number of states may increase
to a level that causes state explosion. On the other
hand, verification tools using theorem proving
provide more versatility, although they have not
been automated for verification because theorems
need to be selected in accordance with the target
software’s properties.
Similarly, in Japan, researchers at institutions
such as the Tokyo Institute of Technology and the
University of Tokyo have been working on studies
for a method to verify system operations using
logical algebra.They developed a method to verify
that a system does not stop operating at any type
of external input and used it to verify security
authentication protocols.There are other ongoing
research projects at the Japan Advanced Institute
of Science and Technology and other institutions,
in which verification techniques for object-
oriented model analysis have been developed by
extending theorem proving methods, followed by
studies on the verification of the state-transition
models used for embedded software.
While diverse checking/verification tools have
been developed as described above, these tools
are not capable of checking/verifying the entire
system. An appropriate tool can be selected for
checking/verifying a part that should be cut out
appropriately from the whole system. The
necessity of the basic knowledge about the
mechanism of formal methods for using the tools
is inhibiting the spread of the tools.
(3) Application examples of formal methods
As shown in Table 3, formal methods often find
practical application in the design or the
verification of systems in which safety takes
precedence over cost. However, it is noticeable
that these applications are limited to relatively
small-scale systems.What are hoped for toward the
future are methods applicable to larger and more
complex systems, friendlier to users, and to
develop better tools for software environments
based on object-oriented languages, which are the
mainstream of today.
5.3.4 Testing technologies
Efficient testing techniques are essential
because it is said that over half the man-hours for a
system development project are necessary for
testing. Preliminary arrangements such as
embedding checkpoints for testing into programs
during the development, are important. As for the
test tools, methods have been developed based on
mathematics such as algebra and graph theory.
Particularly, for object-oriented programs in which
operations can be dynamically defined at the time
of running the program (dynamic binding), tools
based on state transition diagrams have been
devised as techniques to test such operations in
advance. Some of the testing technologies using
graph theory or algebra are described below.
(1) Path test
In this method, control flows are extracted from
programs to design test cases.Test cases that cover
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Footnote 7:
Originating from the development at Bell
Labs, U.S., in 1980, SPIN is a verification tool
that performs exhaustive checks over the all
possible operations of a system using linear
temporal logic, and verifies that the program
works properly without any failure. SPIN can
be used for the verification of the
asynchronous operations in distr ibuted
systems.
Footnote 8:
SMV is a checking tool proposed by K.
McMillan at Carnegie Mellon University (CMU),
U.S., in 1987. It efficiently checks system
operations by compressing the subject's state
space using the binary decision diagram.
Footnote 9:
PVS is a general-purpose, theorem-proving
tool that was developed by SRI International,
U.S., in the mid 1980s. Through proofs based
on high-order logic, PVS verifies consistency
and integrity of specified functions.
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all control flows are generated, so that any part of
the source code can be checked at least once.
(2) Exhaustive logic test
Using combinational theory, test cases
containing all possible conditions for logic
decisions are automatically created.
(3) State transition test
Specifications are described by state transition
diagrams and test cases are created for covering all
transitions. In the case of a network protocol
verification or the like, where the issue of parallel
processing is involved, tokens in the Petrinet are
assigned values in order to detect parallel
processing errors or to analyze the properties,
because of  avoiding the explosion of the state
space.
(4) Data flow test
Control flow graphs are used to detect errors in
the data flow.
(5) Boundary value analysis
An analyzer checks whether the system has
wrong operations or not at the maximum value,
zero and the minimum value.
In carrying out tests sufficient time should be
invested for finding and eliminating bugs (program
errors) to confirm that the test is sufficient for
reducing the bugs to a minimum. Furthermore, in
order to test the system efficiently in a limited
development period, it is also essential to have a
strategy on the test procedure, for example, taking
enough time first to test the components critical
to the operation of the system, followed by testing
the components that are not associated with the
system’s primary operations.
5.3.5 Software process management techniques
To develop high-quality system software, its
development process (software process) needs to
be well managed. In the case of the development
of a large-scale system, in particular, which is
usually conducted by a large number of develop-
ers working at multiple distributed places, poor
process management will lead to poor-quality
software or delays in the development schedule.
Traditionally, in Japan, quality improvements of
software are, just as those of hardware, have been
driven by the sharing of know-how through small
group activities conducted as part of total quality
control activities (TQC).
On the other hand, in the U.S., where the
mobility of software engineers is high, quality
control methods that are strongly dependent on
personal capacities have not been successful,
producing only a limited effect. Instead of them,
the Capability Maturity Model for Software (CMM)
has been developed as a technique to accumulate
Application Positive Effect
U.S.
Formal
Method
Traffic Alert and Collision Avoidance System
(TCAS) II
Europe
Japan
Driverless metro system in Paris
Air traffic control system in London
Customer information management system
for IBM Europe
Railway switch control system
Behavior specification for Enterprise Java
Beans
Ensured safety combined with increased
traffic capacity
Identified problems in the description of the
EJB 1.1 specification
VDM
SPIN
B-Method
VDM
Z notation
Ensured safety
More than a 10-fold improvement in quality
Cost reduction by 9% and improved quality
Fault protection for the Saturn probe
Program for AT&T’s switches
RSML
PVS
SPIN
Formal method used for designing the
specifications for collision avoidance
Verification of the fault protection function
Exhaustive testing to identify incorrect
operations
Table 3: Examples of formal method application
VDM   : Vienna Development Method
RSML : Requirements State Machine Language
PVS    : Prototype Verification System
the know-how of quality control with emphasis
on organizations rather than individuals.The CMM
requires organizations engaged in software
development to define the functions required for
the level (maturity) of the quality assurance in
order to make efforts to improve these levels. By
measuring the maturity, the degree of reliability of
the organization or the vendor can be evaluated.
The CMM was developed at the Software
Engineering Institute of Carnegie Mellon
University in response to a request from the U.S.
Department of Defense and made available to the
public in 1987. Initially, while having found major
application in the development of defense-related
products, the CMM has become widely used
across the world for its ability to provide a
measure of software quality improvement. It has
already been adopted in over 40 countries
including India and China, where a considerable
number of organizations are actively implement-
ing the method.
The accumulation of quality improvement
know-how promoted through small group
activities in Japan, which is a bottom-up approach,
has even been reflected into part of the CMM and
international quality assurance standards (ISO
9000 series).The CMM requests the improvement
of the organization’s capacities which should be
promoted by top-down activities. It is noteworthy
that this turnaround in the approach from bottom-
up to top-down was initiated by the U.S.
5.3.6 Software development models
Among other software development models,
Extreme Programming (XP) and the spiral model
have been receiving attention these days.Although
not intended for the improvement of reliability,
these new styles of development have contributed
to enhanced reliability.
(1) Spiral model for software development
In conventional software development, where
the waterfall model was used as the design, coding
and testing processes to be carried out step by
step, project management was easy. In such an
approach, however, it was not until later that
errors (bugs) in the specification and the program
were found, since the testing process was done
after all other processes. In addition, there were
often delays in development because program-
ming did not start until the entire specification
was determined. Specification changes halfway
through development meant rewriting the whole
code, resulting in a significant increase in
workloads.
In the spiral model (also known as the
incremental model), firstly the core of the system
is taken out to be designed, coded and tested.
Following this stage, peripheral components are
developed and added one by one.This allows the
core or the most important part of the system to
undergo extensive testing from an early phase of
the development so that the remaining compo-
nents can be developed taking the test results into
account.
(2) Extreme Programming (XP)
Extreme Programming (XP) has an attention as a
new style of development since it was advocated
by Kent Beck of the U.S. in 1999 with an eye to
quicker development with high-quality. The XP
features “paired programming” and “testing first.”
“Paired programming” is a practice in which a
person in charge of program coding from the
specifications works together with a person who
tests the program.Working this way translates into
half the man-hours being spent for testing.“Testing
first” indicates that developers design tests that
satisfy the specifications before they write the
actual code of the program.The coding and testing
cycle is repeated until the code passes all the
tests. In addition to these two features, the XP has
the conventions, such as simple design, collective
ownership of the code and open work environ-
ments, which have been extracted from past
experiences, and requires the members of the
development team to practice them to the
maximum extent, thus the name “Extreme” came
from.
The XP is an excellent test-oriented develop-
ment model that allows the development of highly
reliable software. However, this development
model is suited only for relatively small-scale
software as it divides a system into units that can
be constructed through paired programming.
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5.4 Trends in the promotion
of research into software
reliability technology in
Japan, the U.S. and Europe
(1) United States
As the constant leader in software research, the
U.S. maintains overwhelming industrial competi-
tiveness. In the area of software reliability
technology, DARPA and NSF have been playing
major roles in actively subsidizing research
projects in military and basic research fields. The
technologies accumulated through these research
and development activities have been aggressively
transferred to industry through collaboration
among business, academia and government and
have resulted in the emergence of new-generation
products. Furthermore, since the 9.11 attacks,
investments in security and reliability have
swollen due to increased awareness of homeland
security.
Specifically, the U.S. government has been
actively implementing programs to support
research efforts, such as “High-Confidence
Software and Systems,” a program that intends to
ensure reliability, security and safety for mission-
critical systems, and “Software Design and
Productivity,” a program that seeks to improve
software cost efficiency through the application of
sciences and engineering.
(2) Europe
Although the software industry in Europe is not
as brilliant as the U.S. counterpart, the research in
Europe is focused on academic methods such as
techniques on the basis of fundamental math-
ematical theories. The research institutions that
proposed the Z formal specification language and
VDM are both in Europe. Studies on methods to
combine the formal description with UML, a
language used for specification design, are also
actively conducted in Europe.
The EU has also been consistently subsidizing
research projects on software reliability technolo-
gy, as seen in the targets of a range of programs
from the European Commission’s Information
Technologies Research Programme (ESPRIT),
which launched in 1985, to the Sixth Framework
Programme (FP6), which was started in 2002.
(3) Japan
In Japan, industry has secured reliability
technologies by acquiring concepts and research
results from the U.S. While many of the past
government projects were meant for technical
catch-up, recently projects have been launched
intending to cultivate original technologies and
fundamental technologies. The Japan Science and
Technology Corporation (JST), for example,
addresses challenges in software reliability based
on basic theory through its plans in the category
of “Function and Structure” (for the 2000–2005
period) for “Precursory Research for Embryonic
Science and Technology (Sakigake 21),” a program
intended for nurturing young scientists. The
Information-technology Promotion Agency (IPA),
in its “Next Generation Software Development”
project, which aims to develop, through industry-
academia collaboration, software that will become
a de facto standard in the global market, supports
“High-Reliability and High-Security Software”
(2002–2007). Moreover, the Ministry of Education,
Culture, Sports, Science and Technology promotes
development of technology to produce highly
reliable software with high productivity as part of
the “Comprehensive Development of the
Infrastructure Software for e-Society” (FY 2003-
2007) program.The program seeks to construct an
IT society where people can participate in with a
feeling of security by developing software that
serves as the key to building sophisticated
information and communications systems.
As described above, Europe focuses on
theoretical research while the U.S. stresses
research into modeling with a view to application
for practical problems.The mobility of researchers
between Europe and the U.S. is so high that there
has been a trend that theories are studied in
Europe and then applied for practical use in the
U.S. In Japan, while universities have been taking
the initiative in basic researches through small-
scale projects to proof their research model, the
results have not been applied to practical
problems.Their researches have not gone beyond
so-called toy models, with little interaction with
industry and little effort to address practical
challenges. For Japan to join the Europe-U.S.
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partnership and expand its contributions to
technical advancement, simply presenting theories
is not enough, but proposing theories that can
provide solutions to practical issues is essential.
Industries are reluctant to conduct research and
development of software reliability technology, as
it is not likely to bring in profits by itself directly.
In Europe and the U.S., the governments have
been continuously cultivating this technology as a
fundamental technology. Such national-level
uninterrupted steady support is needed in Japan
as well.
5.5 Challenges to enhance
software reliability
What are necessary to enhance software
reliability are to develop reliability technology
itself and to make full use of high-reliability
technology in developing software. In terms of
adopting reliability technologies, Japan has already
imported the XP, the CMM, both mentioned earlier,
and many other technologies from the U.S. When
importing technology, however, corporate cultures
and professional cultures should be taken into
consideration because there are cultural aspects
involved in software development and manage-
ment.
Meanwhile, although reliability technology itself
has been making steady progress, further
development is hoped for as its current appli-
cation is limited. Improving reliability in upper
processes, where the system is designed, is
particularly important, considering that upper
process reliability has a significant impact on the
succeeding processes. Rigorously checking
specification errors during the design process, for
instance, would prevent errors from being
conveyed to later stages, leading to reduced man-
hours for testing. For another approach, if the
system specification was described by using a
formal method, reliability would be ensured even
after specification changes because revisions
could be reviewed almost automatically by using
formal method verifiers.
In reality, however, formal methods have only
been applied to limited cases such as safety-critical
systems, as industrial use of formal methods still
requires considerable time and effort. There are a
number of reasons behind this. The ability of
expression of formal specification languages is
poorer than that of ordinary programming
languages. There are limits in the scale of
applicable problems, because a large-scale
problem may need a massive volume of calcu-
lation. And skills for an formal method are
indispensable to describe specifications by the
formal method.
Meanwhile, the improvement of reliability is
also posing challenges in the domain of
“embedded software,” software that is embedded
into devices such as home information appliances,
automobiles and control systems, which are fields
where Japan has a leading edge. Since embedded
software has to have real time functions and to
take out full power of limited hardware resources,
software engineers for its development have been
required to have a certain level of craftsmanship.
Thus, the meticulous nature of the Japanese has
helped in the development of high-performance
and high-quality software products.As demonstrat-
ed by the fact that of the more than five billion
microprocessors (including small processors used
for control purposes) produced annually, half use
TRON, which originated in Japan, as the operating
system, indicating how Japan has been leading the
world in the field of embedded software.
Even in the embedded software sphere,
however, software programs have come to be
required to provide more functions as the
performance of hardware enhances, and have
been forced to use a growing number of off-the-
shelf software components. Since the U.S. has an
overwhelming power in the area of software
components, the embedded software industry is
also now under the influence of the U.S. As the
embedded system is usually sold in high volume
and thereby a defect would have a significant
impact, reliability is a cr itical element of
embedded software products. This suggests that
one of the measures Japan could take to maintain
its leadership in the field of embedded software is
to establish an innovative reliability technology.
A step toward this goal is to promote attempts
actively to apply the basic theory of formal
methods that has been continuously studied at
universities in Japan to practical problems as U.S.
has been doing. An effort needs to be made to
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identify the limitations contained in their
fundamental research results and formulate the
next innovative theories through the application
of such research outcomes to practical problems.
The business community in turn would be asked
to present real world problems to be jointly
studied.
In addition to this, for the purpose of competing
with the U.S. research activities in the information
technology field, Japan needs to have a greater
pool of research talent in the field. According to
statistics (See Footnote 10) on the number of
academic students in Japan and the U.S., the U.S.
surpasses Japan in the number of persons who
received in 2000 bachelor’s, master’s and doctoral
degrees in information and communication
disciplines (a combined total of Electr ical
Engineering and Mathematical/Computer Science)
by 1.8 times, 3.0 times and 4.7 times, respectively.
This suggests the need to increase the number of
academic students. On the other hand, China
expanding its capacity of graduate schools had
300,000 graduate students (See Footnote 11) for
fiscal year 2000, which is well above Japan’s same
year figure of 210,000. This is a fact that should
make Japan realize the need for reinforcement in
this area not only in volume but also in quality. In
conducting research in information technology
fields, Japan has traditionally been playing catch-
up with Europe and the U.S., but a time for catch-
up is over now that industry is calling for
innovative new technologies. Therefore, with
respect to the education of scientists, nurturing
people who excels at one thing is needed rather
than improving average levels or overcoming
weaknesses.We should be aware that we are in an
age where strong points must be further
strengthened and weaknesses should be
complemented through partnerships with others.
5.6 Conclusion
The common feature of products that are highly
competitive in the Japanese hardware industry is
not low cost but high quality and reliability.
Similarly, in the software industry, improvement of
reliability is one of the inevitable challenges
toward further industrial development. While
software programs grow increasingly complex and
massive year after year, software products are
given shorter life cycles and upgraded more
frequently to offer improved specifications. In this
context, an environment in which specification
changes could be made in shorter periods while
ensuring high reliability is demanded.To this end,
advancement of reliability technology is hoped to
be realized through the use of techniques based
on mathematical theories.
In the past, research projects on reliability
technology at Japanese universities have tended to
end with the establishment of basic theory,
without addressing practical problems. Mean-
while, most Japanese companies have imported
fundamental technologies from the U.S., so as to
develop them into forms that are suited for the
Japanese market. If Japan continues to be like this,
without having original technologies of its own,
the country might lose its competitiveness in the
software industry to the U.S. in new technology
and to China and India in cost.
What Japan needs to do to have unique
reliability technologies is to tackle the challenge of
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Footnote 10:
The data for Japan is based on the number of
the persons who completed bachelor’s,
master’s and doctoral courses in Electrical
Engineering, Department of Engineering, and
in Mathematics, Department of Science, in
March 2001, and was provided by the Ministry
of Education, Culture, Sports, Science and
Technology in its survey results on school
education (for higher education institutions).
Those who left school after finishing doctoral
courses without earning any doctoral degree
have been excluded. The data for the U.S. is
based on the number of the persons who
received in 2000 bachelor’s, master’s and
doctoral degrees in Electrical Engineering and
Mathematical/Computer Science, and was
provided by the NSF Division of Science
Resources Statistics.
Footnote 11:
The source is “International Comparison of
Educational Indexes” for 2002 and 2003
provided by the Ministry of Education, Culture,
Sports, Science and Technology.
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applying the results of its original basic research to
practical problems through industry-academia
collaboration. When such applied research effort
directed toward practical problems requires
overwhelmingly greater amounts of research funds
compared to the funds for basic research. While
industries hesitate about reliability technology
research, which would not directly lead to cost
reductions, government support becomes vital in
this area. Furthermore, if a virtuous cycle could be
created in which technical progress from the
basics to applications is followed by the feedback
to research themes from the application side to
the basics, it would truly enhance reliability
technology.
Research on reliability technology requires
unrelenting improvements supported by sober
and continuous effort. Although, in IT-related
fields, attention is typically paid to integration
technologies to create new business models or
new systems, priority should also be given to the
endeavor intended for the steady development of
basic technology, such as reliability technology,
that is underlying IT and exerts an influence on a
broad range of fields.
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6.1 Introduction
As the treatment of waste materials discharged
in large amounts from homes, factories and so on
becomes a social problem of increasing magni-
tude, the economic activities of mass production
and mass consumption that have supported
Japan’s economic growth are beginning to
undergo a major turnaround in the direction of
recycling and utilizing waste material as useful
resources, with the aim of conserving resources
and energy. The government is gradually
implementing laws that oblige the recycling of
container packaging, four home appliance items,
construction waste materials, food products and
automobiles, and also takes up “research for
constructing a recycling-based society” in its
Second Science and Technology Basic Plan. In
response to this, the Council for Science and
Technology Policy, Cabinet Office, has incorpo-
rated “research on zero waste-type and resource
recycling-type technologies” as one of the key
points to emphasize in the environmental field of
Promotional Strategies of Prioritized Areas, and in
the social foundation field also, refers to
countermeasures for harmful and dangerous
substances that are generated through the
progress of science and technology. In addition,
the Council on Economic and Fiscal Policy’s
expert panel on recycling-oriented economy and
society is also advancing investigations into
measures for utilizing waste as resources and
energy.
As a powerful measure to reduce the burden on
the environment, industry, academia and govern-
ment are working on a variety of research and
technological development in regard to the
“Realization of Zero Emissions,” wherein waste
materials are ultimately eliminated, with the
amount of physical distr ibution in making
products from virgin raw materials in factories
(artery distribution) and the amount of physical
distribution in recycling unnecessary items from
factories and homes and making them into raw
materials for factories (vein distribution) taken as
the same level. In industrial circles in particular,
some see that with the implementation of
recycling-related laws, a promising market will be
created as environmental business, and technology
for environmental measures is being developed
successively by a number of companies. Neverthe-
less, it still can not be said that the technology is
established that supports the industries (vein
industries) that support vein distribution. For this
reason, the recycling of general waste material
(approx. 51 million tons/yr.) and industrial waste
(approx. 400 million tons/yr.) by vein industries is
limited to only a portion, and given that the new
construction of final treatment stations for
industrial waste material has fallen sharply since
1999[1], the speedy establishment of recycling
technology is sought.
This report analyses the current state of
research and technological development of waste
material treatment and efforts towards
commercialization, with the classification of waste
material in recycling-related laws as a basis.
Furthermore, it also refers to themes in research
and technological development that should be
tackled in constructing a diversified recycling-
oriented society.
6
Trends in Technological Development and Research on
Waste Material Treatment Aimed at Constructing
a Recycling-Oriented Society
MASAHIRO NEMOTO, KUNIO YOSHIKAWA (Affiliated Fellow)
Environment and Energy Research Unit
6.2 Legal framework promoting
the formation of 
a recycling-oriented society
Within the legal system aimed at the formation
of a recycling-oriented society (Figure 1), the
fundamental framework of ensuring material
circulation and controlling consumption of natural
resources is prescribed in the “Basic Law for
Establishing the Recycling-oriented Society.” In
order to establish a general mechanism, the “Waste
Disposal Law” aimed at appropriate treatment of
waste material, and the “Law for Promotion of
Effective Utilization of Resources” aimed at
recycling promotion, have been enacted.
Regulations that correspond to the character-
istics of individual items are the so-called five
recycling-related laws. Targeted in the five related
laws are container packaging, four home appliance
items, building materials, food products and
automobiles, with objectives and aims like those
indicated in Table1.
6.3 Efforts to develop
and commercialize recycling 
technology
Since waste materials exist in many different
forms, development of recycling technology is
manifold, and there is a large number of items
produced by the recycling business. In regard to
recycling technology of waste materials that are
targeted in the recycling-related laws, this section
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Containers and Packaging 
Recycling Law
Electric Appliance 
Recycling Law
Construction Material 
Recycling Law
Food Recycling Law
Automobile Recycling Law
- Collection of container packaging by cities, towns and villages
- Recycling of container packaging by manufacturers and 
  user companies
- Taking back of discarded home appliances from consumers 
  by retailers
- Recommodification by manufacturers, etc.
- Separation anddismantling of structures and recycling of 
  building waste material by construction contractors
- Rrecycling of food product waste materials by food product 
  manufacturers, processors and vendors
- Taking back and recycling of CFCs, airbags and shredder dusts 
  by automobile manufacturers
Introduced April 2000
Introduced April 2001
Introduced May 2002
Introduced May 2001
Promulgated July 2002
Name of law Date of introduction 
and promulgation Aims and objectives
Source: Authors’ compilation based on Reference [2]
Table 1: Regulations based on characteristics of individual items
Figure 1: Legal system for promoting formation of recycling-oriented society
Source: Authors’ compilation based on Reference [2]
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analyses (1) R&D and commercialization of
recycling technology; (2) a comparison of material
recycling technology and conventional manufac-
turing technology; (3) the role of industry,
academia and government in recycling commer-
cialization; and (4) collaboration of recycling
businesses.
6.3.1  R&D and commercialization of recycling
technology
The direction of recycling technology develop-
ment encompasses material recycling, which does
not change the compositional state of material;
chemical recycling, which changes chemical
constituents; and thermal recycling, which burns
material and uses it as heat and also electrical
power, but since recycling technology is extremely
diverse, it is difficult to simply classify it into these
types.
(1) Material recycling and chemical recycling
With the objective of regional promotion
through promotion of environmental industries,
the Ministry of Economy, Trade and Industry is
cooperating with the Ministry of the Environment
in promoting Eco-Town Projects. Table 2 shows
the result of classifying recycling technologies
including those developed in these Eco-Town
Projects, and the end-use of the recycled products
they produce, with a focus on material recycling
and chemical recycling.
(2) Thermal recycling
Products generated by recycling technologies
are used as resources by vein industries, and also
serve as an energy source. Electrical power is the
primary form of energy source, and there are also
valuable gases such as steam and hydrogen.
Thermal recycling, whose final objective is electric
power generation, includes primarily those
technologies shown in Table 3.
In the case of conventional incinerator systems,
stoker furnaces are becoming widespread, where
refuse is sent and heated in the furnace by a box-
shaped metal block called a “stoker,” and in the
Tomakomai East development region, a commer-
cial power station burning only waste plastics
went into operation in November 2002, while in
Omuta City, a power station burning only RDF
(See Footnote 1) by the third-sector system
commenced operations in December 2002.
Among the electricity generation systems of
Table 3, the technology attracting the most
attention of late is gas conversion type electric
power generation technology [4] , [5]. With gas
conversion type electr ic power generation
technology, various waste materials are pyrolyzed
under high temperatures of about 600 degrees
Polyesters
 (PET bottles, etc.)
Plastics
Electric appliances, 
OA equipment
Food residues, 
Wastes produced
 from food manufacturing
Automobiles
 (shredder dusts)
- Polyester clothing, office and home supplies, 
  etc. for open market
- Heat source for own factory and others
- Cement manufacture
- Chemical and pharmaceutical manufacture
- Ingredients of metal and glass products
- Formula feed production
- Soil improvement
- Ingredients of metal and glass products
- Roadbed material, etc.
- Separation and high purity flaking
- Production of PET raw materials
- Oilification
- Turning into ingredients for cement
- Regeneration
- Extraction of chemical substances 
  such as hydrochloric acid and acetic acid
- Separation and dismantling
- CFC recovery
- Feed production
- Turning into biodegradable plastics
- Turning into valuable gases by fermentation
- Separation of metals and nonmetals
- Utilization of organic materials (urethanes, etc.)
- Oilification (waste plastics, etc.
Type of waste material Recycling technology End-use of recycled and generated products
Table 2: Development status of representative material and chemical recycling methods
Footnote 1:
Abbreviation for Refuse-Derived Fuel:com-
bustible refuse that has been crushed, dried,
sorted and compression-molded into solid fuel.
Celsius or more, and then after reforming of soot
and tar components into hydrogen gas, the fuel
gas is separated from molten ash called slag. The
fuel gas is used for electric power generation in
gas engines and so on, while the slag is used for
road paving material. With gas conversion
technology, it is possible to utilize a wide range of
waste material as fuel, whether it be domestic
waste material or industrial wastes, and by
effectively utilizing slag as well, there are high
expectations in it as a final stage treatment
technology. Since fiscal 2001, NEDO (New Energy
and Industrial Technology Development Organi-
zation), large companies commissioned by it and
others have been researching gas conversion type
power generation technology that can be used in
comparatively small waste material treatment
facilities of 200 tons/day or less. Also, Tokyo
Institute of Technology has developed a small-
sized waste material gas conversion power
generation technology that is economically and
technically viable even with waste material
amounts as little as 500 kg/day, which a small
regional community of around eight thousand
people is proceeding to introduce.
6.3.2  Comparison of material recycling
technology and conventional manu-
facturing technology
When compared to manufacturing technologies
in conventional manufacturing industries, material
recycling technology like that shown in Table 2
that produces recycled goods has the same
meaning of “making things,” but there is a
significant difference in raw materials and product
standards. Table 4 is a comparison of both
technologies.
One major reason for differences like those
shown in Table 4 is “the nature of the raw
material.” In conventional manufacturing
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Conventional 
incinerator system
Gasification-melting 
system
Gas conversion 
system
> approx. 600
Approx. 200-600
<approx. 200
Generates high temperature, high-pressure 
steam by incineration, with plastics and food 
residues as a fuel; electric power generated 
by steam turbines
Waste material fuel is "casseroled" to 
generate flammable gas, and the high 
temperature generated during gas 
combustion is used to drive steam turbines
Waste material fuel is "casseroled" to 
generate flammable gas; after gas quality is 
improved, it is used for fuel 
in internal-combustion engines
Large companies
Large companies, 
some universities
NEDO 
(large companies 
commissioned), 
some universities
Practical use
Practical use
Under 
development
System of electric 
Power generation
Amount of waste 
material treatment 
(tons/day)
Method of electric power generation Main developer
Level of 
technological 
development
Table 3: Development status of representative thermal recycling technologies
Quality
Price
Supply amount
Guarantee of 
necessary amount
Raw 
material
Standard of recycling or 
manufactured goods
Principal factors determining 
predominance of technology
Highly dependent on quality and quantity 
of separation work
Highly dependent on cost of separation, 
collection and transportation
Restricted by total amount of waste material
No guarantee to operators
None
Cheapest treatment technology predominant
Generally, dependent on technology 
of raw material refining plants, high purity
Dependent on reserves and production costs 
of refining plant
Restricted by mining technology and scales 
of raw material production plant
Easy (dependent on circumstances 
at time of importation)
Many such as JIS or JAS
Technology with low manufacturing cost 
and high quality is predominant
Item for comparison Material recycling technology Conventional manufacturing technology
Table 4: Comparison of features of material recycling technology and conventional manufacturing technology
Source: Authors’ compilation based on Reference [2]
technology, a large-scale raw material supply
system is in place, so methods that enable
intensive production at low cost and high quality
are widely used. In contrast, since waste material is
the raw material in the case of material recycling
technology, technology that keeps down the cost
incurred in separation, collection and trans-
portation and can produce goods at the lowest
cost, is strongly competitive. Even if material
recycling technology was able to produce
recycled goods of the same quality as goods made
with conventional manufacturing technology,
unless the technology can efficiently turn out
recycled goods from limited waste materials, the
relatively high production costs are an obstacle
and diffusion in the market will be difficult.
6.3.3  Role of industry, academia and
government in commercialization of
recycling
With the recycling technology borne of research
and technological development as a foundation,
industry, academia and government are taking part
from their respective standpoints in the
commercialization of recycling as Eco-Town
Projects and so forth. Even though particulars
differ in the respective Eco-Town Projects,
industry, research institutions centering on
universities, administrative institutions such as the
State and local  municipalities, etc., are performing
roles like those shown in Table 5. In addition to
industry, academia and government, the role that
the inhabitants (citizens) should play in the
commercialization of recycling is also significant.
This is based on the reasons that the inhabitants
are producers of domestic waste material and are
required to assume a role in the separation of
waste material, and without the agreement of
citizens who live in the area surrounding a waste
material treatment facility, the installation of such
a facility is difficult.
6.3.4  Collaboration of recycling businesses
Among the production processes of recycling
businesses, for example there is a flow where one
recycling agent will make polyester flakes from
PET bottles, and a company uses that as raw
material to make polyester fiber, from which it
makes clothing. And on the Sapporo City
Recycling Estate, there are also plans for an
oilification company that manufactures light oil
substitute fuel oil from waste plastic products
such as polypropylene, to supply a nearby food
product waste material treatment company with
fuel oil for use as heater fuel in its feed-making
process. Theses cases demonstrate how two
recycling companies are beginning to have a
collaborative relationship, by the product of one
recycling company becoming the raw material of
another recycling company.This connection is the
same as the flow of raw material processing and
manufacture in ordinary manufacturing busi-
nesses, and means that vein industr ies are
constructing the same machinery as artery
industries. Looking closely at the connection
between recycling businesses and ordinary
manufacturing businesses in this kind of situation,
we can describe a simplified f low chart of
resources like that shown in Figure 2.
6.4 Recycling research and
technological development 
aimed at zero emissions
Zero Emissions is a framework that was
advocated by the United Nations University in
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Industry (including company federations)
Research institutions such as universities
Administrative body
Inhabitants (citizenry)
- Development of basic technology
- Lead in commercialization
- Support of technological development
- Attracting recycling businesses, land leasing
- Facilitation of administrative procedures in commercialization
- Monitoring of environmental impact
- Sharing responsibility of separation work
- Acceptance and agreement to waste material treatment facilities
Category Role
Table 5: Role of industry, academia, government and citizenry taking Eco-Town Projects as an example
1994 based on the “Rio Declaration on
Environment and Development” and “Agenda 21”
action plan, fundamental ideas for global
environmental preservation that were adopted at
the 1992 Earth Summit. In the case of the United
Nations University Zero Emissions research
concept, it is expressed that, “Zero Emissions
envisages all industrial inputs being used in the
final products or converted into value-added
inputs for other industries or processes. In this
way, industries will reorganize into “clusters” such
that each industry’s wastes/byproducts are fully
matched with others’ input requirements, and the
integrated whole produces no waste of any kind.”
(See Footnote 2)
Since the United Nations University did not
strictly define the limits within which the “Zero
Emissions” concept could be applied, a variety of
interpretations arose and as a result, a variety of
strategies stipulating Zero Emissions arose in
companies and regions. We can classify activities
aimed at Zero Emissions into three types.The first
type comprises strategies in industrial facilities
such as factories and places of business. The
second comprises strategies by multiple com-
panies in an industrial estate, etc., and the work of
Kofu City’s Kyodo Kumiai Kokubo Industrial Estate
Association in which twenty-seven companies
participate is well known as one successful
example of this type. The third consists of
strategies in areas such as cities, towns and villages
and communities, and there are examples in the
Kitakyushu Eco-Town Project and Sapporo City
Recycling Estate.
The first and second activities are realized as
Zero Emissions-targeted activities by companies
on the artery side in Figure 2. With the third
model, autonomous bodies, etc., promote the
realization of Zero Emissions, with the cluster of
recycling companies on the vein side assuming a
major role in those activities.What the clusters of
companies on both the artery side and vein side
aim for is ultimately realizing zero waste and
resource circulation by innovating manufacturing
and recycling technology systems, and also
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Figure 2: Simplified flow of resources in artery industries and vein industries
Footnote 2:
Pamphlet of the United Nations University
Zero Emissions Research Concept describes as
follows:
“Zero Emissions envisages all industrial
inputs being used in the final products or
converted into value-added inputs for other
industries or processes. In this way, industries
will reorganize into “clusters” such that each
industry’s wastes / by-products are fully
matched with others' input requirements, and
the integrated whole produces no waste of any
kind. ”
reducing the amount of material finally disposed
of as waste material in that process.
At the same time, there are also factors standing
in the way of achieving Zero Emissions. In the case
of waste material of undetermined composition
that has been illegally disposed in large amounts,
recycling research and technological development
has made scarcely any progress. Furthermore,
toxic and hazardous substances such as dioxins
that occur in artery industries are temporarily held
in check in resource circulation, and urgent
technological development is called for to render
these harmless.
6.5 Promotion of recycling 
research and technological 
development
In regard to research and technological
development aimed at Zero Emissions, there are
many points at issue that need to be discussed
multilaterally. Particulars that should be discussed
are for example,
• What methods are there to adapt the
principles of research and technological
development in universities, etc. to the needs
from autonomous bodies;
• What is necessary in order to tie in the results
of research and technological development to
commercialization;
• How should vein industries be positioned as
an element in social systems;
• What are the roles to be borne by industry,
research institutions, government and local
inhabitants.
In this section, we will focus our discussion on
these points at issue.
(1) Role played by universities
Many university researchers are pursuing a
variety of research with a view to developing
technology that can be put to practical use, but
there are numerous cases where the level of
research is still at the technological development
stage. At the same time, many  municipalities, in
order to treat domestic waste material are
introducing recycling technology that companies
have applied, and are also interested in
introducing recycling technology that is currently
being developed by universities, such as
technology that extracts valuable gases from food
product waste for use in power generation, and
technology that turns food product waste into
animal feed. Of the recycling technologies that
municipalities have thus far introduced, it would
be difficult to say that university results form the
foundation. In university research and
technological development hereafter, there is a
need to advance research while taking into
account the needs of  municipalities. As an
example of that policy, local universities could be
commissioned to research solutions to the waste
material problems that individual  municipalities
are confronted with, and engage in research and
technological development under close cooper-
ation.
(2) Efforts towards commercialization
In order to grow and diffuse as a business the
waste material treatment technology such as
recycling technology that is developed in
universities, there are two issues that need to be
resolved.The first is that there is a large difference
in the scale of research at universities, etc., and the
scale of commercialization, and fresh technical
issues arise due to this scale difference. The
second is the need for development of efficient
technology such that the aggregate of waste
material treatment commission costs and the sales
income of recycled products exceeds the cost of
recycling waste materials treatment.
As an approach to the first problem, for example
in regard to recycling technology, universities that
developed the technology and companies or
municipalities with an interest in commercial-
ization could join forces to run trials on a field test
scale. This would confirm the possibility of the
technology’s diffusion and of devising measures to
deal with fresh technical issues that arise at the
commercialization scale.
As an approach to the second problem, large-
sized waste material-burning power generation
equipment that has been introduced mainly in
large urban refuse incineration facilities is cited as
a reference case. Advanced technology was
developed for this burning-type power generation
equipment, but factors have hindered its diffusion,
such as business profitability declining due to
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excessive treatment capacity, and restrictions on
municipalities with needs. On the basis of this, the
development of small-scale, commercially viable
burning-type power generation equipment (high-
efficiency small-scale refuse (–burning) power
generation) is being carried out by NEDO,
numerous companies and universities, etc. Based
on this kind of case, promotion of equipment
design and technological development is needed,
with the prerequisite condition that scale is
commensurate with the waste material collection
plans in a region that an  municipality envisages.
(3) Positioning in the social system
It is also important to make vein industries
function effectively as a member of the social
system. At present, a one-pattern business form is
mainstream, wherein products recycled from
waste materials are supplied directly to consumers
and processors in artery industries. At the same
time, business types are also emerging that supply
recycled products as raw materials or energy
sources of other vein industries, and there are
signs that companies on the vein side are
networking. In order to effectively promote the
creation of future vein industries, autonomous
bodies are supporting research and technological
development in business site leasing, bulletins of
administrative procedures, and so forth. In
addition to these, measures to support recycling
companies are necessary, such as the state or
municipalities establishing a system like “Green
Certificates,” so that raw materials recycled by vein
industries are actively used.
Acknowledgement
In compiling this paper, we held meaningful
discussions over many hours with Vice-Chancellor
Motoyuki Suzuki of United Nations University,
Professor Koichi Fujie of Toyohashi University of
Technology, and Professor Sumio Nagata of
Fukuoka University. Furthermore, the following
kindly granted our visitation requests, and
provided us with much useful information:
Kitakyushu City Hall and companies connected to
Eco-Town; Sapporo City Hall and recycling estate-
related companies; Omuta City Hall and Eco-Town-
related companies; Kyodo Kumiai Kokubo
Industrial Estate Association; and other companies.
We also held very fruitful discussions with Mr.
Kenji Seyama, Deputy Manager of Yachiyo
Engineering Co., Ltd. Technical Division, on the
significance of vein industries in the social system,
and treatment technologies pertaining to toxic
and hazardous substances.
This paper is a product of the valuable research
and business time that the persons mentioned
above kindly spared us, and we take this
opportunity to express our profound gratitude.
References
[1] Ministry of the Environment Fiscal 2002
Environmental White Paper, Chapter 2, Section
3
[2] Zero Emissions Construction Technology,
“OHM” September edition supplement;
Editorial Supervisor Kunio Yoshikawa (in
Japanese)
[3] Promotional Strategies of Prioritized Areas,
Environment, p27–38 (in Japanese)
[4] “Present status and problems associated with
waste disposal technologies aiming at
efficient utilization of energy contained in
combustible wastes”, Science and Technology
Trends – Quarterly Review, September 2002
[5] Second Seminar Papers concerning High-
Efficiency Waste Material Power Generation
Technology, New Energy and Industr ial
Technology Development Mechanisms,
December 12, 2002 (in Japanese)
(Original Japanese version: published in January 2003)
73
Q U A R T E R L Y  R E V I E W  N o . 8  /  J u l y  2 0 0 3
7
Hydrogen Storage Materials
— Key Technology for The Wide Use of Fuel-cell-powered Vehicles —
YOSHITAKA TAMOU AND TOSHIO OGATA (Affiliated Fellow)
Materials and Manufacturing Technology Research Unit
7.1 Introduction
Hydrogen is considered to be the ultimate clean
energy. In 2002, the Japanese government
purchased the first automobiles equipped with
fuel cells in order to promote the propagation of
fuel cells that use hydrogen as fuel. Furthermore,
in order to construct the basis for the introduction
of automobiles equipped with hydrogen fuel cells,
NEDO (See Footnote 1) plans to start a project in
2003 that aims at the development of basic
technology for the safe use of hydrogen.Why have
fuel-cell-powered vehicles been introduced onto
the market despite the fact that the technology is
not yet mature and the business is not generating
income? It is felt that there is a strong intention to
consider the future of the automobile industry
that gave rise to the prosperity of the Japanese
economy in the past, in addition to the purpose of
searching for measures to reduce the generation
of carbon dioxide (CO2) that causes global
warming and for an alternative energy for fossil
fuels. Therefore, from the viewpoint of the future
industry relating to hydrogen energy, this report
summarizes technology issues related to hydrogen
storage materials that are considered to hold the
key to the success of hydrogen fuel cells.
While hydrogen reacts with oxygen to generate
water, it is also considered as a medium for
converting energy. It is converted to heat energy
when it is simply burnt, to mechanical energy
when used for internal combustion engines such
as hydrogen engines, and directly to electric
energy when used for fuel cells. In any of these
processes, the reaction between hydrogen and
oxygen generates only water and does not emit
CO2 that causes global warming. Since hydrogen is
a secondary energy that can be produced by such
methods as the electrolytic decomposition and
thermal decomposition of water, by combining
with renewable energies such as sunlight, it is
possible to construct a hydrogen energy cycle
based on the hydrogen generated from water as an
ideal clean energy system that is not affected by
resource restrictions and also decreases the
environmental burden[1]. This is the reason why
hydrogen is called the ultimate clean energy.
Because hydrogen is a material, it is superior to
electricity in that it can be stored in large
quantities, and this fact provides the unique
feature of hydrogen as a chemical energy (see
Supplement).
To realize hydrogen energy systems, it is a
premise to develop elemental technologies related
to the production, transportation, storage, and
utilization of hydrogen and to build the social
infrastructure. In the issue No.7 of this bulletin,
trends in the development of major production
technologies and their problems were analyzed
focussing on “Non-fossil-resources-based Hydrogen
Production Technology” as a key technology for
the building-up of sustainable hydrogen energy
systems. In that report, it was pointed out that
hydrogen energy systems must be discussed in the
total framework including technologies for
production, transportation, storage, and utilization.
Hydrogen is utilized in many application fields
including the chemical industry such as the
synthesis of ammonia and methanol and
desulfurization refining of petroleum, the metal
Footnote 1:
New Energy and Industrial Technology
Development Organization.
74
S C I E N C E  &  T E C H N O L O G Y  T R E N D S
industry such as the reduction of ores, the
electronics industry such as the production of
semiconductors, and the glass industry such as the
production of optical fibers and glass[2,3]. In the
future, hydrogen is also expected to be used for
stationary fuel cells as distributed energy sources
that utilize its energy conversion function and
automobiles equipped with fuel cells. To expand
the use of fuel-cell -powered vehicles (See
Footnote 2) that use hydrogen as fuel, on-board
hydrogen storage units that replace the gasoline
tanks of gasoline-fueled vehicles are required.
Furthermore, hydrogen supply stations corre-
sponding to gasoline stations are required as an
infrastructure. These needs require hydrogen
technology that enables temporary storage as well
as stable and safe supply of hydrogen as required
at an appropriate speed.
It is apparent that the development of practical
and economical hydrogen storage technology is
indispensable for the propagation of hydrogen
energy. This report, envisioning hydrogen fuel
automobiles as a harbinger to the realization of a
hydrogen energy system society, overviews recent
trends in research and development of hydrogen
storage technology from the viewpoint of
materials, and proposes the direction we should
proceed in the future.
Supplement – Basic properties of hydrogen
Hydrogen is a gas under ordinary temperature and normal pressure. It is known as the lightest gas and highly flammable. The
following are the characteristics of hydrogen related to the use for hydrogen fuel-cell-powered vehicles and hydrogen supply
stations:
(1) Hydrogen provides clean energy that does not disrupt the environment, because the product of reaction with oxygen is water.
(2) Hydrogen is a secondary energy produced by such methods as the electrolytic decomposition of water. Since the raw material
is water and it can be produced by making use of various kinds of renewable energy, there is no restriction from the viewpoint
of resources.
(3) Although hydrogen is a gas at ordinary temperature and normal pressure, it becomes a liquid at an extremely low temperature
that is lower than its boiling point (–253°C at normal pressure).
(4) Because hydrogen is a material unlike electricity and heat, it is suitable for storing in large amounts.
(5) Hydrogen can be used as a cooling medium because the specific heat is as high as 14.9 J/g • K at 20°C at atmospheric
pressure, which is 14 times larger than that of air, and its thermal conductivity is about seven times larger than that of air.
(6) The energy density per unit mass is large (light): heat that is evolved when burnt is 121 MJ/kg, which is 2.75 times larger than
that of gasoline (44 MJ/kg).
(7) Hydrogen is more voluminous than gasoline: heat of combustion per unit volume is 8.6 J/m3, which is 0.3 times that of gasoline
(29.8 J/m3).
(8) By generating electricity with fuel cells, it is possible to directly obtain electric energy without burning.
(9) Hydrogen has the smallest atomic radius (0.37Å) among the elements and can penetrate into material lattices with a high
diffusion coefficient. This enables the storing of hydrogen in materials as energy and to extract it out when necessary.
(10) Hydrogen is a flammable gas and there is a risk of fire and explosion when the concentration in the air exceeds 4 vol. %.
Furthermore, it easily ignites because the ignition energy is low.
(11) The density is as low as 1/14 of air and tends to collect at a high position in a closed space. However, it easily scatters in an
open space because it has a very high diffusion speed and low viscosity.
Footnote 2:
In this report, fuel-cell-powered vehicles
refer to only those that use pure hydrogen as
fuel and do not include those of reforming
type that reform gasoline or methanol using
on-board reformers. However, the hybrid
type that combines secondary batteries or
capacitors as a supplementary electric
source is included.
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7.2 Characteristics required for
hydrogen storage
Making full use of hydrogen as the fuel for fuel-
cell-powered vehicles will solve the environmental
problems in urban areas with heavy traffic, and,
from the long-term point of view, we can expect
that hydrogen will become the ultimate clean
energy that starts with renewable energy,
substituting the fossil fuels on which our present
automobile society depends. However, it is true
that there remain many technical problems and
social/economic issues that must be solved for the
propagation of hydrogen fuel-cell -powered
vehicles. For the fuel-cell-powered vehicles to
become popular, they must be as comfortable and
economical as gasoline-powered vehicles. Figure 1
illustrates a conceptual diagram of a hydrogen
fuel-cell-powered vehicle. Basically, a fuel-cell-
powered vehicle consists of the fuel supply
system, fuel cell unit, control system, and drive
system.Whereas the basic performance of the fuel
cell itself including output density must be
improved for better performance of fuel-cell-
powered vehicles, there are, at the same time,
many problems to be solved relating to the storage
of fuel.
The Fuel Cell Project Team, part of the vice
ministers committee of the Ministry of Economy,
Trade and Industry, the Ministry of Land,
Infrastructure and Transport, and the Ministry of
the Environment, has set a target of cruising
distance for one fuel filling of a passenger car to
500 km or longer.They consider that a technology
that enables the storage of 5 kg of hydrogen is
necessary to achieve the target[4]. Since 5 kg of
hydrogen occupies 56m3 under the standard
condition of 0°C and at atmospheric pressure, it
becomes necessary to develop a compact hydro-
gen storage system.
The following characteristics are required for
hydrogen storage materials (See Footnote 3) :
(1) Stored hydrogen is effectively released
without dead storage or dissipation
(maximum amount of effective hydrogen
storage) (See Footnote 4), and minimum
energy is consumed in the storage-release
cycles (high energy efficiency).
(2) Compact storage (maximum amount of
effective hydrogen storage per unit volume
of storage material).
Figure 1: Conceptual diagram of a hydrogen fuel-cell-powered vehicle
Source: “FUEL CELL VEHICLE”– pamphlet of the Japan Hydrogen & Fuel Cell Demonstration Project
Footnote 3:
In this report, hydrogen storage materials
refer to those that store hydrogen by
themselves such as hydrogen storage alloys as
well as those that are used for containers to
store hydrogen such as hydrogen tanks in
which hydrogen is to be filled.
Footnote 4:
WE-NET defines the “amount of effective
hydrogen storage = amount of stored hydrogen
at 10 atm. – amount of stored hydrogen at
atmospheric pressure” with a release temper-
ature of 60°C.
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(3) Light weight (maximum amount of effective
hydrogen storage per unit weight of storage
material).
(4) Hydrogen is easily stored and released under
normal environmental conditions (consider-
ing the compatibility with fuel cells, it is
desirable that hydrogen be released at 100°C
or lower).
(5) Optimum cycle characteristic (storage
capacity for effective hydrogen after 5,000
storage-release cycles must be 90% or more
compared with the initial value).
(6) Low equipment costs and running costs.
(7) Safe and easy to handle.
At present, there is no technology that meets
these requirements, and a method to practically
load hydrogen fuel in a fuel-cell-powered vehicle
has yet to be decided on. Automobile manufac-
turers are testing various types of hydrogen
storage technology by developing hydrogen fuel-
cell-powered vehicles that use hydrogen as
pressurized gas[5,6,7] and liquid hydrogen[8].
7.3 Various types of hydrogen
storage materials
As the practical technology for hydrogen
storage, pressurized gas type, liquid hydrogen
type, and hydrogen storage alloys have been
developed. Recently, research on chemical
materials is being conducted as a new hydrogen
storage technology including carbonic materials
and hydrides of organic and complex compounds.
Figure 2 shows the comparison of hydrogen
densities of various types of hydrogen storage
methods. In this chapter, the characteristics and
problems of each hydrogen storage technology are
explained.
7.3.1  Pressurized gas
Hydrogen stored as pressurized gas is the most
widely used method at present for its storage.
Since the atomic radius of hydrogen is far smaller
than those of metallic materials, hydrogen atoms
can easily penetrate into materials. Generally
speaking, metals embrittle when they absorb
hydrogen (hydrogen brittleness); therefore,
materials that do not suffer from hydrogen
embrittlement must be selected for such
containers. Normally, red colored pressure-
resistant containers called hydrogen cylinders are
used for the stationary storage of hydrogen.These
cylinders are made of thick plates of mild steel,
and hydrogen pressurized to about 150 to 200 atm
(See Footnote 5). is filled within them[2]. However,
such steel containers are too heavy for use in
automobiles, and, as a result, lightweight pressure-
resistant hydrogen tanks made of aluminum and
strengthened with composite material of carbon-
fiber-reinforced plastics have been developed[3].
Figure 3 illustrates examples of high-pressure gas
Figure 2: Comparison of hydrogen densities of various types of hydrogen storage methods
- Gasoline and methanol are converted by energy density.
- Both volume density of hydrogen and mass density of hydrogen are values including containers.
Source: Reference[18]
tanks for automobiles that have been developed.
Among the laws and regulations applicable to
hydrogen gas (See Footnote 6), the “High Pressure
Gas Safety Law” plays a central role with other
governmental ordinances, ministerial ordinances,
and notifications supplementing technical and
safety criteria[9]. In the past, it was banned to carry
pressurized hydrogen in vehicles, but the ban was
canceled in April 2001. However, since the
maximum pressure of hydrogen tanks is currently
restricted to 350 atm (See Footnote 7) the present
cruising distance of a hydrogen fuel-cell-powered
vehicle is limited to 300–355 km[5,6]. In order to
achieve a cruising distance comparable to
gasoline-powered vehicles (500 km), it is desirable
to increase the amount of hydrogen by raising the
charging pressure, and the development of on-
board super-high-pressure tanks resistant up to
700 atm. is now being studied[4].As the energy loss
during the pressurizing process increases with the
increase in the charge pressure of hydrogen, it is
also necessary to improve the efficiency of
compressors.
Kokan Drum Co., one of the major drum
manufacturers, is now selling containers for
pressurized hydrogen gas up to 350 atm. (Figure 3
(a)). However, in view of the present circum-
stances in which vehicles that use higher-pressure
hydrogen gas are being developed worldwide in
order to increase the cruising distance of fuel-cell-
powered vehicles, they have decided to develop a
new system for loading pressurized hydrogen up
to 700 atm. in vehicles and the corresponding
filling system in cooperation with the Canadian
company Dynetek Industr ies Ltd. They use
containers made of aluminum lined with carbon
FRP (See Footnote 8), which were originally used
for natural-gas-powered vehicles (Figure 3 (b)).The
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Figure 3: Examples of high-pressure gas tanks for automobiles
(a) 350-atm. Pressurized hydrogen tank placed in the trunk
space of a passenger car.
Source:http://www.ford.com/en/ourVehicles/environmental-
Vehiles/hydrogenFuelCellElectricVehicles/ford-focus-
fcv-hybrid.htm
(b) FRP containers for natural gas.
Source: http://www.nkk.co.jp/release/0111/1120-2.html
Footnote 5:
There are two kinds of pressure units:
absolute pressure in which vacuum is 0, and
gauge pressure in which the atmospheric
pressure is 0. In this paper, pressures are
expressed in gauge pressure. Furthermore, it is
assumed that 0.1 MPa = 1 atm. for simplifica-
tion.That is, 1.1 MPa = 1.0 MPaG = 10 atm.
Footnote 6:
Major laws related to hydrogen include the
High Pressure Gas Safety Law, the Electric
Utilities Industry Law (under the control of the
Ministry of Economy, Trade and Industry), the
Road Transportation Vehicle Law, the Road
Traffic Law, the Building Standard Law (under
the control of the Ministry of Land, Infrastruc-
ture and Transport), and the Fire Defense Law
(under the control of the Ministry of Public
Management, Home Affairs, Posts and Tele-
communications).
Footnote 7:
Fiber reinforced plastic composite con-
tainers are interpreted as general-purpose
composite containers based on the High
Pressure Gas Safety Law, and the maximum
pressure of the container is limited to 350 atm.
containers are being improved so that they can be
used for pressurized hydrogen gas in order to
develop a new system for hydrogen fuel-cell-
powered vehicles[10]. As the development of such
super-light-weight pressure-resistant vessels
proceeds, deregulation of peripheral technologies
is also being considered.At present, however, most
of the infrastructure equipment devices related to
hydrogen such as hydrogen compressors,
electromagnetic valves, and high-pressure tanks
are imported, and this may cause problems in
promoting the improvement of the infrastructure
for hydrogen[4]. It is important to possess these
elemental technologies not only from a technical
point of view but also from the viewpoint of
ensuring the safety of hydrogen.
7.3.2  Liquid hydrogen
Hydrogen is liquefied at a cryogenic temper-
ature of –253°C, and its volume is reduced to 1/800
of hydrogen gas under standard conditions, which
is more compact than pressurized hydrogen gas.
However, a problem of liquid hydrogen is that a
large amount of energy is consumed to liquefy it
at a cryogenic temperature, significantly lowering
its total energy efficiency. It is also necessary to
use special thermal insulated containers to
prevent loss by evaporation called “boil-off.”
Therefore, development of cryogenic materials
and thermal insulation structure designs are
indispensable for liquid hydrogen storage tanks.
For the cryogenic materials used for liquid
hydrogen storage tanks, sufficient mechanical
properties (tensile strength, fracture toughness,
fatigue strength, etc.) in the temperature range
from ordinary temperature to the liquid hydrogen
temperature and resistance to low temperature
embrittlement and hydrogen embrittlement are
required. In WE-NET, stainless steels and aluminum
alloys, which are time-proven materials for
cryogenic structures, have been selected as the
candidates and studies have been made. The
results showed that while the base metals of
selected materials had sufficient strength and
toughness under the liquid hydrogen environ-
ment, welded zones were highly sensitive to low
temperature embrittlement and hydrogen
embrittlement requiring improvement in tough-
ness. Studies on welding methods and welding
materials aiming at the improvement of low
temperature toughness showed that reduced-
pressure electron beam welding (RPEB) was
effective for stainless steels and friction stir
welding (FSW) was effective for aluminum alloys
for the improvement of low temperature brittle-
ness[9]. It is expected in the future that detailed
studies on the behavior of embrittlement under
the hydrogen environment as well as studies on
lightweight, high-strength titanium alloys that are
assumed to be the materials for the thin-walled
members of small- and middle-scale containers
and for peripheral equipment will be promoted.
Since liquid hydrogen provides higher storage
density than pressurized hydrogen gas, it is
presently used for the fuel of space rockets.
However, because measures must be taken to
prevent high energy consumption during the
storage at cryogenic temperature and boil-off gas,
liquid hydrogen is considered to be suitable for
storage and transportation in large quantities, such
as liquid hydrogen tankers and liquid hydrogen
trailers, where specific surface areas are small
enough to obtain high thermal insulation perfor-
mance. Liquid hydrogen storage is planned to be
demonstrated by some of the hydrogen supply
stations that are planned to be built in the
metropolitan area[11]. Also, GM announced that
they are going to carry out commercial testing of
fuel-cell-powered delivery vehicles loaded with
liquid hydrogen in Tokyo from 2003[8].
7.3.3  Hydrogen storage alloys
Some metals tend to react with hydrogen,
thereby generating metal hydrides. When
hydrogen contacts the surface of metals, the
hydrogen molecules are adsorbed on the surface
and decomposed to atomic hydrogen. The
hydrogen atoms penetrate into the gaps of the
lattice of metal atoms and quickly diffuse to form
metal hydrides being trapped as interstitials. By
combining a metal (A) that tends to form hydride
and a metal (B) that scarcely forms hydride, a
hydrogen storage alloy that absorbs and desorbs
hydrogen can be produced. Hydrogen storage
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Footnote 8:
FRP = Fiber Reinforced Plastic
alloys are classified into AB5 type alloy, AB2 type
alloy, etc., according to the atomic ratio between A
and B. Elements for the A site consists of metals of
2A – 5A groups such as Mg,Ti, Zr,V, and rare earth
metals; and elements for the B site consist of
metals of 6A – 8 groups such as Fe and Ni. When
hydrogen is fixed in the alloy as hydride, its
volume is normally compacted to about 1/1000 of
the volume under ordinary temperature and
normal pressure. However, the problem is that the
mass density is almost the same as that of the steel
container, making the hydrogen tank heavy.Table 1
shows typical hydrogen storage alloys and the
properties of their hydrides.
The forerunner of practical hydrogen storage
alloys was the electrode material (AB5 Type) for
nickel-hydrogen secondary batteries. In the early
stage of the development of hydrogen storage
alloys, WE-NET set the target of the amount of
effective hydrogen storage at 3 wt. %. However, the
target was changed to 5.5 wt. % by strongly con-
sidering application to the tanks for hydrogen-
powered vehicles[12]. At present, the values of
almost all alloys shown in Table 1 are as low as 1
to 2 wt. %, and only hopeful alloys that may realize
weight saving are Mg-based alloys. In the
Hydrogen Project at Munich Airport, multiple
methods of supplying and storing hydrogen are
used for the system, and a hydrogen storage alloy
of Fe-Ti system (5°C for absorption and 77°C for
desorption) that can store 2,000 Nm3 at 30 atm.
was used for the hydrogen storage in the hydrogen
station[13].
Since the hydrogenation and dehydrogenation
of hydrogen storage alloys are chemical reactions,
evolution and absorption of heat are involved.
Absorption of hydrogen is an exothermic reaction,
and desorption of hydrogen is an endothermic
reaction. If the temperature of alloys changes to a
large extent during the reaction, the hydrogena-
tion and dehydrogenation are disturbed due to
fluctuation of the chemical equilibrium. For this
reason, materials with high heat conductivity and
favorable structure design that enable quick
transfer of reaction heat must be adopted for the
containers of hydrogen storage alloys. Further-
more, the cycles of absorption and desorption of
hydrogen cause repeated expansion and shrinkage
of the volume of the hydrogen storage alloys, so
that cracking of alloys proceeds and results in the
generation of fine powders. To prevent these fine
powders from aggregating nonuniformly in the
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AB5
AB2
AB
A2B
1.4
1.3
1.4
1.5
1.2
1.2
1.4
1.3
1.2
1.8
2.4
1.7
2.0
1.8
1.9
3.6
LaNi5H6.0
LaNi4.6Al0.4H5.5
MmNi5H6.3
MmNi4.5Mn0.5H6.6
MmNi4.5Al0.5H4.9
MmNi2.5Co2.5H5.2
MmNi4.5Cr0.5H6.3
Mm0.5Ca0.5Ni5H5.0
CaNi5H4.0
TiMn1.5H2.47
TiCr1.8H3.6
ZrMn2H3.46
ZrV2H4.8
TiFeH1.95
TiFe0.8Mn0.2H1.95
Mg2NiH4.0
0.4(50)
0.2(80)
3.4(50)
0.4(50)
0.5(50)
0.6(50)
1.4(50)
1.9(50)
0.04(30)
0.7(20)
0.2~5(-78)
0.1(210)
10-9(50)
1.0(50)
0.9(80)
0.1(253)
LaNi5
LaNi4.6Al0.4
MmNi5
MmNi4.5Mn0.5
MmNi4.5Al0.5
MmNi2.5Co2.5
MmNi4.5Cr0.5
Mm0.5Ca0.5Ni5
CaNi5
TiMn1.5
TiCr1.8
ZrMn2
ZrV2
TiFe
TiFe0.8Mn0.2
Mg2Ni
Hydride
Amount of
 absorbed hydrogen
wt. %
Hydrogen desorption
pressure (MPa*) and
temperature (°C)
AlloyAlloyType
* In this table, pressures are expressed in absolute pressure.
Source: Authors’ compilation based on reference [2]
Table 1: Typical hydrogen storage alloys and the properties of their hydrides
container, thereby leading to the distortion of the
container, it is required to control the packing
density or separate the inside of the container
with partitions. It is also necessary to take mea-
sures to avoid poisoning with impurity gases.
From the viewpoint of weight saving, further
technological breakthrough must be made for
hydrogen storage alloys. Relating to the handling
of reaction heat and decrepitation, measures must
be taken for both alloys and the structure of
containers.
7.3.4  Carbonic materials
Recently, new carbonic materials with nano-
structures such as carbon nano-tubes and graphite
nano-fibers have been discovered, and it has been
reported that these materials have quite excellent
mechanical, electrical, and chemical properties.
Their characteristics of hydrogen absorption and
adsorption have also attracted much attention, and
intensive research has been conducted every-
where.Among the reports on the characteristics of
hydrogen absorption and adsorption of these
carbonic materials, some assert that they are far
superior to hydrogen storage alloys in the amount
of stored hydrogen[14,15], while some others report
that they scarcely occlude hydrogen[16]. Relating to
these materials, no neutral research organization
has verified the reproducibility of hydrogen
occlusion. This has occurred because both stable
production processes and measuring methods for
the amount of hydrogen stored in small amounts
of materials have not been established. What we
should do at the moment is to improve the pro-
duction and measuring technologies as well as to
theoretically elucidate the mechanism of hydrogen
absorption and adsorption by studying the
interaction between hydrogen atoms and carbon
atoms.
On the other hand, it has been reported that
more than 7 wt. % of hydrogen can be stored in a
nano-structure developed by pulverizing graphite
with a lamellar structure in hydrogen atmos-
phere[17]. In this case, carbon and hydrogen com-
bine in two ways. Hydrogen that has strongly com-
bined with carbon is released at as high as 630°C,
making it unfavorable for hydrogen storage; while
hydrogen that has weakly combined with carbon
is released at 300°C and the amount of stored
hydrogen is 6 wt. %. Research on catalysts and
other methods to lower this release temperature
down to 100°C or lower is now being conducted.
It is generally said that since the bulk density of
carbonic materials is low, they are not suitable for
the compact storage of hydrogen. But they appear
to become competitive as hydrogen storage
materials if a mass density of hydrogen close to 10
wt. % is attained. In order to develop and produce
innovative hydrogen storage materials, it is neces-
sary to design the material structure at the atomic
level and to control the bonding of hydrogen and
the atoms of the storage material at the electron
level. Thus, nano-technology plays an important
role in the creation of new materials.
7.3.5  Organic hydride compounds (Organic
chemical hydrides)
As for organic compound hydrogen storage
materials, technologies that use the hydrogenation
and dehydrogenation reactions of organic com-
pounds such as the cyclohexane-benzene system,
the methylcyclohexane-toluene system, and the
decalin-naphthalene system are attracting atten-
tion. The amounts of stored hydrogen in these
materials are as high as 7.1, 6.2, and 7.3 wt. % by
weight and 55, 48, and 65 kg/m3 by volume,
respectively. Since these materials are liquids at
room temperature except for naphthalene, they
can be handled at ordinary temperature and
normal pressure without requiring special
conditions such as high pressure or low temper-
ature, thus permitting easy transportation and
filling operation[18]. However, benzene, toluene,
naphthalene and other residues remain after the
dehydrogenation and they must be recovered and
reclaimed by hydrogenating again.
Since organic compound hydrogen storage
materials generally require temperatures as high as
250 – 400°C and the amount of heat absorbed in
the dehydrogenation reaction is twice that of
hydrogen storage alloys, much energy is required
for the release of hydrogen. Furthermore, an
additional process for separating hydrogen and the
vapor of organic materials in the dehydrogenation
reaction must be provide. At present, basic
research such as the search for supported catalysts
that promote the hydrogenation and dehydro-
genation at lower temperatures and optimization
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of reaction conditions are being conducted.
To use organic compound hydrogen storage
materials for automobiles, a distribution system for
cartridge type tanks that can be changed as a
whole must be established, and reactors and
purifiers for taking out hydrogen must be
prepared in addition to the containers of the
hydrogen storage material itself. Therefore, it is
difficult to simply compare advantages and
disadvantages of organic compound hydrogen
storage materials used for automobiles with other
hydrogen storage materials. At the start, it seems
that the economical rationality and practicality of
the technology in the hydrogen supply infrastruc-
ture is evaluated.
7.3.6  Complex compound hydrides
Inorganic hydrides, called alanates, comprising
of aluminum hydrides are now attracting attention
as hydrogen storage materials[19]. When titanium
salts are added to NaAlH4, hydrogen is reversibly
occluded and released at around one hundred and
tens degrees centigrade. The hydrogenation pro-
cess proceeds in two stages: hydrogen is occluded
up to 3.7 wt. % in the first stage, and up to 5.5 wt.
% in total, with the volume density of hydrogen at
43.2 and 70.6 kg/m3 respectively, which are
comparable to or higher than those of hydrogen
storage alloys (20 – 50 kg/m3). Since alanates can
be packed in the container after compression
molding as hydride, a high filling ratio can be
obtained compared with hydrogen storage alloys,
which must be filled in the container before
hydrogenation while taking the volume expansion
by hydrogenation into account. In any event, since
the present reaction temperature and reaction rate
are not sufficient for practical use, further
development is required[18].
In addition to NaAlH4, there are Na3AlH6,
Na2LiAlH6, and Li3AlH6, and the theoretical amou-
nts of hydrogen occlusion are 3.0, 3.5, 5.2 wt. %,
respectively. However, actual amounts of hydrogen
occlusion greatly vary depending on the experi-
mental conditions, and further basic research
including the reversibility, reaction rate and
reaction temperature must be conducted to assess
the applicability of these materials for hydrogen
storage materials[12,18].
Boron hydrides (borohydrides) of light metals
such as NaBH4 have also been proposed as
hydrogen storage materials. These materials react
with water to generate hydrogen and, in the case
of NaBH4, the hydrogen content in the reactants
including water is as high as 10.8 wt. %. In the
hydrogen storage system using borohydrides,
hydrogen is generated by the hydrolysis of
hydrogen storage materials with water under the
presence of catalysts, and it is a characteristic of
this system that sufficient hydrogen supply speed
is obtained at ordinary temperature and normal
pressure[20]. It does require a system to recover the
NaBO2 that is generated in the hydrolysis reaction
and reclaim hydrides for recycling. Since about
one third of the combustion energy of hydrogen is
theoretically consumed for the process to reclaim
hydrides by reducing the NaBO2 generated in the
reaction with water, energy efficiency may be a
problem in this technology[18].
7.4 Status of the development of
hydrogen storage technology
for fuel-cell-powered vehi-
cles
7.4.1  Loading fuel-cell-powered vehicles with
hydrogen
On December 2, 2002, Toyota Motor Corp. and
Honda Motor Co. put fuel-cell-powered passenger
cars onto the market for the first time in the
world[5,6]. Both of them use pure hydrogen as the
fuel (direct hydrogen supply type) that is stored in
pressurized hydrogen tanks with a maximum
filling pressure of 350 atm. Although the acceler-
ating performance and quietness of these automo-
biles were highly appreciated, their cruising
distances of 300 km and 355 km, respectively, are
shorter than those of gasoline-powered passenger
cars. It cannot be denied that the development of
hydrogen storage technology for fuel lags behind
the development of technology for power units. It
goes without saying that not only the costs but
also the development of hydrogen storage
technology is the key to the deployment of fuel-
cell-powered vehicles.
NEDO’s WE-NET project is known as a represen-
tative project for hydrogen energy development.
In the first stage of the project (from fiscal 1993 to
1998), a magnificent picture was drawn in which a
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worldwide clean energy network was to be estab-
lished by producing hydrogen making use of
renewable energy such as hydraulic power,
sunlight, and wind power, and using the hydrogen
as the medium for the transportation and storage
of secondary energy. Under this concept, research
and development of hydrogen storage technolo-
gies was made as the tasks of WE-NET including
the development of structural materials that can
be used under liquid hydrogen conditions and
hydrogen storage alloys for the distr ibuted
transportation and storage of hydrogen. In the
second stage that started in fiscal 1999, however,
WE-NET shifted the priority to the development of
technologies for small-scale distributed applica-
tions, and the development of fuel cells has been
incorporated into the WE-NET project from 2001.
In Japan, hydrogen storage alloys were the initial
targets of development as the fuel loading method
for hydrogen-powered vehicles, because regula-
tions controlled the loading of vehicles with high-
pressure gas such as hydrogen. In the second stage
of the WE-NET project, research and development
of peripheral technologies related to hydrogen-
powered vehicles and hydrogen storage alloys for
vehicles and hydrogen supply stations have been
developed. Although the initial target of hydrogen
storage alloy with a capacity of 3 wt. % has been
almost achieved[18], the amount of hydrogen stored
by this alloy is only 3 kg per 100 kg of the alloy,
which provides a cruising distance of only about
300 km, not enough for practical use. In 2001, the
Ministry of Economy, Trade and Industry set
targets for the volume and weight of fuel loading
systems to a level comparable to the fuel tanks of
conventional gasoline-powered vehicles in the
technological development strategy for the
application of fuel cells and hydrogen energy. In
accordance with this strategy, the WE-NET project
changed the development goal for the amount of
hydrogen storage of hydrogen storage materials to
5.5 wt. % in fiscal 2002[12].At present, no promising
material to achieve this goal has yet been found.
Since the ban on loading hydrogen gas tanks in
vehicles was withdrawn in April 2001, the
direction of development of fuel storage methods
for fuel-cell-powered vehicles has been changed
from hydrogen storage alloys to pressurized
hydrogen gas, which has made the practical use of
fuel-cell-powered vehicles more realistic. The
present hydrogen gas tanks used are made of
composite materials strengthened with fiber
reinforced plastics and the maximum pressure is
limited by regulation to 350 atm., but it is
expected that lighter high-pressure containers will
be realized in the near future.
7.4.2  Demonstration of hydrogen supply
stations
The Fuel Cell Commercialization Strategy Study
Group has set a goal for the number of fuel-cell-
powered vehicles in 2020 at five million, which
corresponds to one-tenth of the present total
number of automobiles, and the number of
hydrogen supply stations required at such time is
estimated at 3,300[21]. Relating to the hydrogen
supply station as one of the hydrogen application
technologies, WE-NET has set up three domestic
stations in fiscal 2002. Plans are to conduct tests
and research required for commercialization using
these stations, to prepare technical guidelines for
safety and design, and to establish standard
specifications for future hydrogen supply stations.
The stations in Osaka and Takamatsu adopt both
the hydrogen storage alloy method and the
pressurized hydrogen gas method, while the
station in Yokohama adopts the pressurized
hydrogen gas method. Apart from these hydrogen
stations, Toho Gas Co. has built a pressurized gas
type hydrogen supply station in Tokai City, and is
conducting technical studies and demonstrations
on safety.
Furthermore, in the Japan Hydrogen & Fuel Cell
Demonstration Project (See Footnote 9) that
started in 2002, a large-scale demonstration of fuel-
cell-powered vehicles is scheduled for the first
time in the country, in which industry, academia
Footnote 9:
Japan Hydrogen & Fuel Cell Demonstration
Project (JHFC Project). A project aided by the
Ministry of Economy, Trade and Industry,
consisting of the “demonstration study on fuel-
cell-powered vehicles” and the “demonstration
study on hydrogen supply facilities for fuel-cell-
powered vehicles.”The project continues from
fiscal 2002 to 2004.
and the government systematically cooperate in
the study of loading methods for hydrogen and
will share the basic data on performance and
safety. At the same time, plans are underway to
build five hydrogen supply facilities in fiscal 2002
in the metropolitan area, which will adopt
multiple types of hydrogen including liquid
hydrogen and pressurized hydrogen. Figure 4
shows the locations of the five hydrogen supply
stations selected by the project and the hydrogen
supply methods[22]. It is scheduled through a three-
year demonstration to elucidate technical issues
for practical use, and to collect and analyze data
relating to environmental characteristics, total
energy efficiency, fuel characteristics, safety, and
durability[11]. In this project, not only domestic car
manufacturers (Toyota, Nissan and Honda) but
also overseas car manufacturers (GM and Daimler-
Chrysler) are participating, and it is expected that
the development of fuel-cell-powered vehicles will
be further promoted through international
cooperation and competition.
7.4.3  Safety measures for hydrogen
When using hydrogen as fuel, it is a major
premise to secure safety. The WE-NET project has
set up the dedicated sub-task of “investigation and
studies on safety measures,” and has been making
efforts to establish criteria for safety design and
methods to assess safety[9]. Potential accidents in
hydrogen supply stations have been researched
and, particularly for hydrogen storage, continuous
hydrogen release from hydrogen tanks was
selected as a representative event. Experiments
that are being made include: run-off, evaporation,
and diffusion of liquid hydrogen; explosion of
hydrogen; and the relationship between the form
of hydrogen leakage and ignition conditions when
leakage of pressurized hydrogen occurs. Simu-
lation models are also being established through
verification analyses of the results of experiments.
In the Basic Technology Development for the Safe
Use of Hydrogen Project that starts in fiscal 2003,
fundamentals on safety and infrastructure will be
improved. As data on safety are collected, the
present regulations will be reviewed by the
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Figure 4: Hydrogen refueling facilities to be built by the Japan Hydrogen & Fuel Cell Demonstration Project
Source: Reference[22]
related public institutions, and positive efforts
must be made to publicly publish these test data.
In order to address public concerns over the
safety of hydrogen and to obtain the under-
standing and cooperation of the general public, it
is desirable that the results of WE-NET and the
Japan Hydrogen & Fuel Cell Demonstration
Project be widely published as a part of the public
relations activities and shared by many people.
7.5 Overseas situation
7.5.1  The U.S.
Development of hydrogen energy technology in
the U.S. got into full swing when the Hydrogen
Program of DOE was established (See Footnote
10) in 1992. The development has been mainly
carried out as part of PNGV (Partnership for a
New Generation of Vehicles), which is a devel-
opment project of the federal government for the
next-generation automobiles started in 1993, as
well as part of CaFCP (California Fuel Cell
Partnership) by the state of California. Particularly,
the international character of CaFCP is worthy of
attention. Among the participants are Daimler-
Chrysler, Ford, Nissan, Honda, Volkswagen, and
Korean Hyundai; GM and Toyota also joined in
October 2000.
In January 2002, the U.S. government announ-
ced that under the DOE leadership PNGV would
be dissolved and Freedom CAR (Freedom Cooper-
ative Automotive Research Partnership) would be
created. This project aims at the development of
high-risk technologies, in partnership of the U.S.
government and the Big Three, particularly the
development of elemental technologies with
emphasis on technologies related to hydrogen
fuel-cell-powered vehicles[4]. In January 2003,
President Bush announced the Freedom Fuel Plan
in his State of the Union Address, promising to
promote the necessary technical development and
to improve the social infrastructure in order to
promote commercialization of fuel-cell-powered
vehicles.
In the Hydrogen Research Program sponsored
by DOE, the focus is placed on the technologies
for the transportation and storage of hydrogen in
addition to the technologies for the production
and application of hydrogen. With application to
automobiles in mind, research on pressurized-gas
tanks, liquid-hydrogen tanks, chemical storage,
metal hydrides, and occlusion by carbonic
materials are being conducted intensively with a
goal of 6.5 wt. % for the amount of stored
hydrogen[23]. DOE is now planning to integrate all
of the projects related to hydrogen that are now
carried out by the energy efficiency and renew-
able energy department, fossil energy department,
and nuclear energy department into the Integrated
Hydrogen Program of DOE. DOE also published
The National Hydrogen Energy Roadmap in
November 2002, proposing a road to realize the
Hydrogen Economy Society by introducing fuel-
cell-powered vehicles and distributed electric
source systems[24]. In this roadmap, hydrogen is
perceived from not only the viewpoint of clean
energy but also from the viewpoint of energy
security. Hydrogen storage is recognized as the key
technology for the realization of the Hydrogen
Economy Society, and the necessity for the
cooperation of industry and government in the
reduction of costs, improvement of characteristics
and development of advanced technologies is
stressed because the present hydrogen storage
technology is not adequate for both suppliers and
end users. It also points out that efforts should be
concentrated on the development of conventional
commercial technologies including pressurized
hydrogen gas and liquid hydrogen and on the
search for new storage technologies that are more
difficult to realize including advanced materials
(such as light metal hydrides and carbon nano-
tubes).
7.5.2  Europe
In Europe, many countries have announced
their intentions to carry out demonstration
programs for fuel-cell-powered buses with the
support of the European Commission. In the
ECTOS (Ecological City Transport System)[25]
project of Iceland and the CUTE (Clean Urban
Transport for Europe)[26] project consisting of
seven countries including Germany and the
United Kingdom, 30 fuel-cell-powered buses using
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Footnote 10:
U.S. Department of Energy
pressurized hydrogen (manufactured by Daimler-
Chrysler) are scheduled to be introduced into 10
cities (See Footnote 11) for fleet tests from 2003[4].
Particularly, ECTOS is worthy of attention as a
model case of the challenge to a hydrogen energy
society. It is a project that pursues complete
transformation of Iceland into a hydrogen society
(See Footnote 12). Since Iceland is blessed with
renewable energy resources such as hydraulic
power and geothermal power, the project plans to
produce hydrogen by making use of these
resources and to convert the country to a
hydrogen society by completely eliminating the
use of fossil fuels within 20 to 30 years. To start
with, it is planned that the infrastructure for
hydrogen stations in the capital city of Reykjavik is
to be established and three hydrogen fuel-cell-
powered buses are to used for daily urban
transportation.Then, the use of hydrogen energy is
to be expanded to private cars and boats in the
fishing industry, which is Iceland’s main industry.
It is also in their view to export hydrogen made
from their renewable energy to other European
countries.
In Germany, the “Hydrogen Project at Munich
Airport” started in 1995, in which buses and small-
size cars are replaced with hydrogen-powered
vehicles. At present, three buses that use
pressurized hydrogen and passenger cars that use
liquid hydrogen are in service within the Munich
international airport[27]. In this project, not only
the production and storage of hydrogen for a fleet
of vehicles but also completely automated
hydrogen charging is demonstrated along with the
verification of its safety.
Meanwhile, in private projects, DaimlerChrysler
has been continuing its development of fuel-cell-
powered vehicles since 1990. The fuel-cell-
powered bus NEBUS, which started running on
public roads for the first time in 1997, adopted a
hydrogen tank system with a cruising distance of
250 km. NECAR4, a fuel-cell-powered vehicle
developed in 1999, adopted a liquid hydrogen
system with its cruising distance reaching 450 km.
Although having developed NECAR5, which
produces hydrogen through an on-board reformer
using methanol as the fuel, DaimlerChrysler
intends to use pressurized hydrogen tanks for the
buses and passenger cars that are sold in a limited
number from the end of 2002 to the beginning of
2003[28].
7.5.3  International standardization
In the view of the above-mentioned interna-
tional activities, the trends in international stan-
dardization must be watched. Since automobiles
are cross-border international merchandise, it is
expected that international regulations and
standards including standard pressures will be
established for hydrogen fuel-cell -powered
vehicles in the future. In addition, relating to such
peripheral technologies as dispensers and
hydrogen supplying connectors, countries that are
ahead in the development of these technologies
are trying to establish their own de facto standards
as international standards.As for fuel cells, the U.S.
and European countries are energetically
deliberating at the tables of ISO (See Footnote 13)
and IEC (See Footnote 14),[4]. In order to strongly
express own opinion, Japan must engage in
technical discussions based on practical informa-
tion (data) at the table of debate. Therefore,
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Footnote 11:
Hydrogen fuel-cell -powered buses are
scheduled to be introduced for public trans-
portation in the following 10 cities: ECTOS:
Iceland (Reykjavik); CUTE: Netherlands
(Amsterdam), Spain (Madrid and Barcelona),
Germany (Hamburg and Stuttgart), the United
Kingdom (London), Luxembourg, Portuguese
(Porto), and Sweden (Stockholm).
Footnote 12:
The Icelandic New Energy Co., established
for carrying out ECTOS, states on its website as
follows:The mission of Icelandic New Energy is
to “investigate the potential for eventually
replacing the use of fossil fuels in Iceland with
hydrogen and create the world’s first hydrogen
economy.”
Footnote 13:
International Organization for Standardi-
zation
Footnote 14:
International Electrotechnical Commission
positive utilization of the fruits of such projects as
WE-NET and the Japan Hydrogen and Fuel Cell
Demonstration Project is desired. It is also
necessary for the related institutions to cooperate
in the development and standardization of
regulations and systems.
7.6 Conclusion
In the early stage of technical demonstration of
hydrogen fuel-cell-powered vehicles, hydrogen
storage started with the high-pressure tank system
that had been used for natural-gas-powered
vehicles. Since large vehicles such as buses have
enough space to carry many hydrogen tanks on
the roof and under the floor, there is no severe
restriction for weight and space. For passenger
cars that have only limited space, however, the
storage of hydrogen by present pressurized-
hydrogen tanks of 350 atm. is insufficient. On the
other hand, hydrogen storage alloys are compact
but heavy, and liquid hydrogen is compact and
light but requires complicated handling and
consumes energy in the process of liquefying.
Thus, each method has its advantages and
disadvantages and there remain many technical
problems to be solved.There are many issues to be
tackled for the development of on-board hydrogen
storage and the final solution has not been given,
leaving large room for further research and
development of innovative materials.
It is an urgent necessity to develop hydrogen
storage materials having higher performance now
that hydrogen fuel-cell-powered vehicles have
become a reality. As in the case of fuel-cell-
powered vehicles, it is desirable that hydrogen
storage materials are developed through cooper-
ation and competition. While material develop-
ment has been carried out separately by each field
up to now, it is hoped that from here forward the
common target of achieving a hydrogen energy
society and the time schedule to realize it are
shared worldwide and the development promoted
through cooperation and competition. In the
development of hydrogen energy, governments
must play an important role to coordinate multiple
projects related to hydrogen energy and bring
forth the overall effects. It is expected that light,
compact hydrogen storage materials with
excellent storage characteristics will be developed
to build up the basis for the wide use of the
ultimate clean vehicles.
The automobile industry is an integrated
industry that has a great propagation effect on
supporting industries and has large-scale produc-
tion and economic effects in the global market.
The fuel-cell-powered vehicle belongs to one of
the fields in which Japan has competitive
technological capability that can lead the world. It
holds great significance for Japan to lead the
world in the development of fuel-cell-powered
vehicles not only with the international contri-
bution Japan makes as a forerunner of global
environmental conservation activities but also for
the maintenance and development of Japan’s
industrial competitiveness.
To realize a hydrogen energy society, the final
picture of ultimate clean energy systems that start
with renewable energy must be drawn as a long-
term vision. On the other hand, it is also
indispensable for the social acceptance and
propagation of hydrogen energy to draw up
intermediate strategic scenarios. Through realistic
promotional measures including effective
utilization of fossil energy and educational
campaigns, creation of an atmosphere of public
acceptance, establishment of regulations and
systems, and standardization should be promoted.
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8
The Status and Direction of Energy Conservation
Technologies in the Consumer Sector
KAZUAKI MIYAMOTO
Environment and Energy Research Unit
8.1 Introduction
Based primarily on the experience of having
survived the two oil crises, Japan has been striving
to simultaneously achieve 3E (energy supply,
environment conservation, and economic develop-
ment), placing these objectives at the center of its
energy policy. Energy consumption in Japan,
however, is ever increasing, with the society
becoming more and more energy-intensive.
Energy conservation is usually considered in a
broad sense – i.e., an overall reduction in final
energy consumption, which refers to primary
energy (oil, etc.) consumption minus power
generation losses and other losses involved in the
production/conversion process of secondary
energy. Specifically, energy conservation can be
achieved through two initiatives: one that reduces
the input of primary energy itself by streamlining
various industrial production processes and
improving the efficiency in energy conversion
(e.g., power generation), and the other one that
reduces final energy consumption in the
consumer and transportation sectors. In Japan,
energy consumption in the industry sector
(centered on the manufacturing industry) has
been relatively stable since the first oil crisis, while
that in the consumer (household and business)
and the transportation sectors has increased
dramatically. In particular, energy demand by the
consumer sector is expected to surge in the
future.There is thus a pressing need to take energy
conservation measures, placing particular
emphasis on the consumer sector. As part of its
Energy Sector Promotion Strategy (2001), the
Council for Science and Technology Policy is
pushing ahead with R&D to improve the
efficiency of energy-consuming equipment, and
research on incentives designed to promote
energy conservation measures.
In view of these developments, this report
addresses energy conservation technologies with
particular emphasis on the consumer sector,
which may require drastic energy conservation
measures because of its increasing energy con-
sumption, and discusses viewpoints for energy
conservation technologies in this sector.
8.2 The status and prospects of
energy consumption
To meet Japan’s CO2 emission reduction target
under the Kyoto Protocol, according to the
Guideline of Measures to Prevent Global Warming
(2002), final energy consumption in 2010 must be
maintained below 400 million kl on a crude-oil
basis through measures such as the promotion of
energy conservation measures, new energy
sources and nuclear power generation.
Figure 1 shows the breakdown of actual energy
consumption by the industry, consumer and
transportation sectors in 1990, and the prospects
of energy consumption in 2010, with measures to
achieve the Kyoto Protocol’s target taken into
account. As shown in the chart, energy con-
sumption in the consumer sector is expected to
account for some 30% of the total consumption in
2010.
Figure 2 shows prospective increases in energy
consumption by sector in 2010, with 1990 as a
base year (see Figure 1); energy consumption in
the consumer sector is expected to increase by
some 40%. Thus, of all the energy conservation
measures, those for the consumer sector are
particularly important.
Energy consumption in the consumer sector
(household and business) currently accounts for
some 25% of Japan’s total energy consumption; it
is expected to increase in the future. Specifically, a
large part of energy consumption in the business
sector can be attributed to air conditioning (50%)
and lighting (30%) [2]. While energy consumption
in the business sector is on the rise because of
extending business hours and around-the-clock
services, always-on devices are also increasing as
we move into the information age - these devices
not only consume energy but also raise room
temperatures, which in turn may boost the
demand for air conditioning. Another problem
involves a relatively low awareness of energy
management among the business sector, com-
pared to the industry sector - energy costs in
which could have a direct impact on production
costs. Energy consumption in the household
sector is also expected to increase.
Figure 3 shows the recent trend in energy
consumption by air conditioning, which has
decreased by about one third in the last six years.
Energy consumption in the consumer sector,
however, is increasing despite the improved
efficiency of energy-consuming equipment. The
possible reasons: an increase in the number of air
conditioners with longer operating hours, and the
rapid and widespread proliferation of personal
computers and other electronic devices.
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Figure 1: Status and prospects of energy consumption
Figure 2: Prospects of energy consumption by sector
Source: Author’s compilation based on reference [1].
Source: Author’s compilation based on reference [1].
8.3 Energy conservation and
anti-global warming
measures
With the Kyoto Protocol ratified, Japan aims to
reduce greenhouse gas emissions by 6% below the
1990 levels between 2008 and 2012. The Guide-
line of Measures to Prevent Global Warming
(2002) specifies reductions in methane and
nitrous oxide emissions, development of innova-
tive technology, forest sink, a shift to CFC’s substi-
tutes and reductions in energy-related CO2 emis-
sions as measures to achieve this target. In par-
ticular, it is expected that energy-related CO2
emissions in 2010 be maintained at 1990 levels.
Japan’s energy-related CO2 emissions, however,
increased by some 10% from 1990 to 2000 (see
Figure 4). The Guideline of Measures to Prevent
Global Warming, therefore, adopted the following
three measures (expected reductions in CO2
emissions: 74 million tons) to maintain energy-
related CO2 emissions at 1990 levels.
1. Energy conservation measures (expected
reductions in CO2 emissions: 22 million tons)
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Source: Author’s compilation based on the Guideline of Measures to Prevent Global Warming (2002).
Figure 4: Results and prospects of energy-related CO2 emissions (Base year: 1990)
Figure 3: Progress in energy saving in air conditioners
Source: Author’s compilation based on statistical data provided by the Japan
Refrigeration and Air Conditioning Industry Association (JRAIA).
91
Q U A R T E R L Y  R E V I E W  N o . 8  /  J u l y  2 0 0 3
2. New energy measures (expected reductions
in CO2 emissions: 38 million tons)
3. Fuel shift in power sources, etc. (expected
reductions in CO2 emissions: 18 million tons)
Energy conservation measures contribute to
about 30% of the total reductions expected for
these three measures, which suggests their
significance in curbing global warming.
To meet Japan’s CO2 emission reduction target
under the Kyoto Protocol, final energy con-
sumption in 2010 must be maintained below 400
million kl on a crude-oil basis, as mentioned in
Chapter 8.2. This target is based on the premise
that 10 to 13 nuclear power plants be constructed
by 2010, in addition to measures such as those for
energy conservation and new energy.The present
situation, however, is such that the expansion of
nuclear power generation is not feasible due to
site selections and other related problems.Without
the expansion of nuclear power generation,
energy-related CO2 emissions will increase by
some 40 million tons between 1990 and 2010,
according to some estimates[1]. Moreover, energy-
related CO2 emissions are increasing gradually, in
part because of shutdowns of nuclear power
plants. In view of these circumstances, energy
conservation measures are becoming increasingly
important for achieving the target under the Kyoto
Protocol.
8.4 Development of laws and
regulations
The law concerning the rationalization of
energy use (hereinafter referred to as “The Energy
Conservation Law”) was instituted in 1979 in
response to the two oil crises, and has been
revised six times up to 2002. As mentioned in
Chapter 8.2, awareness of energy management
among the consumer sector (particularly the
business sector), energy consumption of which is
increasing dramatically, is not relatively sufficient
when compared to the industry sector. In a bid to
raise the general awareness of energy manage-
ment, therefore, the 6th version of the Energy
Conservation Law (revised in June 2002 and
enforced in April 2003) expanded the scope of
energy conservation measures (originally designed
for first-class plants designated for energy
management) to cover all the sectors, and
tightened regulations for the business sector (see
Figure 5). First-class plants designated for energy
management refer to those whose annual energy
consumption exceeds 3,000 kl on a crude-oil basis
or 12 million kWh.
First-class plants designated for energy man-
agement set energy standards for each of their
facilities (air conditioners, light fittings, elevators,
etc.), and are obliged to appoint energy managers,
Figure 5: Subjects of energy-saving measures (at Plants designated for energy
management)
Source: Author’s compilation based on the Energy Conservation Law (2002).
prepare and submit energy conservation plans and
report on energy consumption on a regular basis.
Incidentally, second-class plants designated for
energy management refer to those whose annual
energy consumption exceeds 1,500 kl on a crude-
oil basis or 6 million kWh; they are also obliged to
report on energy consumption and its related
issues regularly.
On-the-spot inspections are conducted for these
first-class and second-class plants as the need
arises, and procedures such as recommendations
and announcements are taken when energy
conservation measures fall far short of the
standards.
8.5 Trends in energy
conservation measures and
technologies
As mentioned in Chapter 8.3, energy conser-
vation is considered an effective means to help
reduce energy-related CO2 emissions in the
framework of the Guideline of Measures to
Prevent Global Warming (2002). This chapter
addresses additional energy conservation
measures that the guideline adopted in order to
maintain energy-related CO2 emissions at 1990
levels.
The additional energy conservation measures
(an equivalent to 7 million-kl reductions in crude
oil, or 22 million-ton reductions in CO2 emissions)
are expected to cut back 0.9 million kl in the
industry sector, 1.0 million kl in the transportation
sector and 5.1 million kl in the consumer sector,
all on a crude-oil basis. Energy conservation
measures in the consumer sector account for
some 70% of the total reductions, which indicates
their significance.
Table 1 shows the energy conservation mea-
sures in the consumer sector.
The “Top Runner Standard,” which was intro-
duced when the Energy Conservation Law was
revised in 1998, aims to “raise the energy conser-
vation standards of electric appliances (home
appliances, office automation equipment, etc.) so
that they match or outpace the energy conser-
vation standards of the best products (in each
category) currently on the market.” This standard
applies to mass-produced and energy-intensive
appliances such as refrigerators, TVs and air
conditioners. Manufacturers that continue to
produce substandard products are made known to
the public, along with their products in question,
and are penalized accordingly.
The New Energy and Industrial Technology
Development Organization (NEDO), through its
project researches, is playing a leading role in
conducting R&D in Japan for the measures
mentioned above. The following are the recent
trends in related R&D activities:
8.5.1 Development of technologies for reducing
standby power consumption
Standby power consumption refers to power
consumption during the standby mode of elec-
trical equipment. Most office equipment are
connected to and controlled through networks,
and like home appliances, they are always plugged
into outlets. Battery chargers and adaptors that
convert alternating current into low-voltage direct
current also consume power as long as they are
plugged into outlets. Standby power consumption
is said to account for some 10% of operational
power consumption.
R&D is now underway to minimize standby
power consumption by controlling the power
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Reductions in standby power consumption
Promotion of high-efficiency water heaters
Promotion of high-efficiency light fittings (cross-sectorial)
Improvement of energy management systems
promotion of equipment conforming to top-runner standards
Total
0.4
0.5
0.5
0.9
1.6
1.2
5.1
Household demand
Business demand
Measures Expected Reductions (million kl/crude oil)
Table 1: Additional conservation measures in the consumer sector
Source: Author’s compilation based on reference [3].
on/off of electrical equipment through networks
(see Figure 6).
8.5.2 Development of high-efficiency equip-
ment
(1) Development of technologies for high-
efficiency lighting
Lighting accounts for 20–40% of the total power
consumption in the consumer sector. Reducing
power consumption by lighting, therefore,
contributes to energy conservation and lowers the
air-conditioning load. For this reason, R&D is
underway on high-efficiency lighting and displays
(e.g., long-life white LED lighting systems, which
reduce energy consumption by 50% compared to
conventional fluorescent lights). NEDO’s recent
project succeeded in developing a high-efficiency
LED, which converts electric energy into effective
light energy at a record high rate of 43%[5].
According to some estimates, white LED lighting
systems would save 0.83 million kl of crude oil a
year at an adoption rate of 13% [6] – a reduction
that far outpaces the numerical targets shown in
Table 1.
(2) Development of technologies for high-
efficiency water heaters
Energy demand in the household sector, which
is decentralized, fluctuates daily and seasonally; its
heat utilization is limited to low-temperature heat
such as for heating and hot-water supply. This is
why cascade utilization of heat (i.e., effective
energy use from higher temperatures to lower
temperatures) is not feasible in the household
sector.
The latest technologies for improving the heat
utilization efficiency in air conditioning and hot-
water supply include waste-heat utilization that
makes use of low-temperature heat sources,
functional materials such as heat storage materials,
and heat pumps. For example, systems such as a
hybrid cycle consisting of absorption/compression
refrigerating cycles are being developed to use
low-temperature waste heat for air-conditioning
purposes[7]. On the other hand, regulations against
the use of CFCs are tightening because of their
ozone depletion properties, which in turn accel-
erate the development of heat pumps using CO2
as a refrigerant (CO2 does not deplete the ozone
layer, and its global warming potential is relatively
low). A heat pump is a system that utilizes the
heat pumped up from low-temperature heat
sources, and generates more energy than it
consumes. In fact, recently-developed heat pumps
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Figure 6: Example of technology for reducing standby power consumption
Source: Author’s compilation based on reference [4].
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can produce more than three times the energy
they consume; water heaters incorporating these
heat pumps have been developed recently (see
Figure 7).
R&D efforts are also underway on geothermal
heat pumps that use groundwater, river water, etc.,
as heat sources[8].
8.5.3 Development of energy management
systems
Energy demand in the consumer sector has
been on the rise, and is expected to increase
further in the future. But the consumer sector has
yet to raise its awareness of energy management.
With this situation as a backdrop, there has been
growing attention to IT-based energy management
as a means to use equipment efficiently, while
expectations are running high for its contribution
to energy conservation. This system, however, is
still in the demonstration phase with its cost
issues pending.A user-friendly system should thus
be developed for its promotion - a means to
pursue cost reductions.
(1) Home energy management system
(HEMS)
The Home Energy Management System (HEMS)
controls the energy conservation operation of
home appliances in a given household. With the
network of home appliances (using gateways
installed on voltmeters and switchboards, and
communication facilities such as lamp cords,
wireless/infrared devices, etc.), it detects the
movement of residents, the information on which
is shared and controlled by each electr ic
appliance. Specifically, this system, which is
designed to promote energy conservation in
households, controls the energy-efficient opera-
tion of appliances (air conditioners, etc.) and the
switching on/off of light fittings, while displaying
the electricity bill on a real-time basis in order to
raise the awareness of energy management.
A typical example of adopting HEMS shows that
power consumption can be reduced by some 23%
(for home appliances such as air conditioners,TVs
and light fittings) [9].
(2) Building Energy Management System
(BEMS)
The Building Energy Management System
(BEMS) monitors and controls energy consump-
tion, thereby saving as much energy as possible.
Like HEMS, it communicates with the electric
equipment in a building to detect their operating
conditions as well as utilizing environmental
information such as temperatures and luminous
intensity.
Systems that can control a group of buildings
are being developed to promote the adoption by
medium-scale buildings that are becoming
widespread (see Figure 8).
A simulation of controlling the heat source and
air conditioners in a building[10], based on BEMS,
shows that power consumption can be reduced
by some 14%.
Figure 7: Mechanism of a CO2 heat pump water heater
8.6 Viewpoint of promising
energy conservation
measures
The technologies discussed in Chapter 8.5
should be addressed proactively since they hold
great promise of contributing to energy con-
servation. Conventional energy conservation
measures, meanwhile, are designed to address
individual targets such as buildings, facilities and
equipment.
In Japan, specific research is underway on
measures to save energy by appropriately
combining existing energy sources (power, gas,
etc.) with decentralized power sources (fuel cells,
etc.) in accordance with users’ energy demand.
Introduction of decentralized power sources,
however, is not necessarily beneficial to society
even if it has localized advantages (to specific
users) in terms of energy consumption, environ-
mental loads and costs (the introduction of low-
cost but environment-unfriendly equipment is one
such example). There is thus a growing need to
develop technologies for pursuing energy
conservation based on combinations of various
measures such as energy-efficient air conditioners
and light fittings, energy management systems and
decentralized power sources. Hand-in-hand with
the development of these technologies, there will
also be a need to discuss what kind of energy
conservation equipment and decentralized power
sources should be adopted, and to what extent
they should be introduced.Whatever the case may
be, all these relevant factors should be taken into
account in developing energy conservation
technologies that are rational from a social point
of view.
In the meantime, there has been a move in the
academic society to establish ad hoc groups on
energy conservation, based on a cross-sectional
framework, in a bid to promote collaboration
between energy conservation experts and
researchers in industry, academia and govern-
ment[10].This initiative is expected to contribute to
addressing the issues mentioned above.
Conventional approaches to energy conserva-
tion include dissemination of information about
energy conservation practices, and public relations
activities primarily through seminars, both of
which should be promoted in the future. Public
awareness of acting on behalf of the environment,
however, is hardly sustainable only with the
argument that the environment must be protected
and we should be responsible for future genera-
tions. In this context, more practical measures
should be adopted and introduced - e.g., systems
whose very energy conservation measures would
benefit those who implement them. It is also
important to raise public awareness of energy
conservation through day-to-day educational
activities.
A system implemented in California in the
summer of 2001 and 2002 provides a good
example of power-saving programs; the state
government, through this system (The 20/20
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Figure 8: System for controlling heat sources and air conditioning in buildings
Source: Author’s compilation based on reference [5].
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(Original Japanese version: published in March 2003)
Program), shouldered 20% of the electric bills of
users who had reduced electricity consumption
by more than 20% from their 2000 levels (about
34% of the users benefited from the program in
2001[11], while only household users were entitled
to the program in 2002). This kind of economic
incentive for the mindset and activities to
proactively change lifestyles and implement
energy conservation measures is expected to
serve as a tool to curb energy consumption
because it works directly in favor of those who
implement effective measures.The introduction of
such a system, moreover, would have an impact on
the behavior of the public as well as on their
awareness of energy conservation activities.
8.7 Conclusion
Japan has been str iving to save energy,
promoting technological development through a
variety of measures such as the application of the
Top Runner System to energy-consuming equip-
ment. It is essential to further develop energy-
efficient equipment, and for the application of the
Top Runner System to be expanded. Energy
management systems (HEMS, BEMS, etc.) being
developed are certainly part of the key
technologies that should be promoted further
because they contribute to achieving energy
conservation through the rational use of
equipment, and without detriment to our day-to-
day amenities.
In the future, technologies for achieving further
energy conservation should be developed, based
on combinations of a variety of relevant tech-
nologies being developed independently. In
addition to developing these energy conservation
technologies, systems to offer economic incentives
for energy conservation activities should be
discussed as one of the key measures.
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9
Changes in R&D Priorities Seen in The U.S.
President’s Fiscal 2004 Budget Message
TOMOE KIYOSADA
Affiliated Fellow
9.1 Introduction
On February 3, 2003, U.S. President George W.
Bush delivered the fiscal 2004 (October 2003
through September 2004) Budget Message. The
research and development budget for the federal
government as a whole is $122.7 billion, an
increase of 6.7 percent over the previous year.This
increase is greater than the 4 percent increase in
the fiscal 2004 discretionary budget (that portion
of the federal budget that is not allocated for
mandatory costs). This is primarily because of
large increases in the budgets for defense-related
development and homeland security-related
research. This report will discuss changes in the
Bush Administration’s R&D priorities as seen in
the president’s fiscal 2004 Budget Message.
9.2 The environment
surrounding the Bush
administration
The president’s fiscal 2004 Budget Message was
delivered amid great uncertainty. First, even
though four months had already passed since the
start of fiscal 2003 (October 2002 through
September 2003), only the Department of Defense
(DOD) expenditure bill had passed. Those for
other departments and agencies were still being
deliberated in Congress (See Footnote 1). If a war
with Iraq takes place, an extraordinary budget will
be required, and the deficit spending that began in
fiscal 2002 will increase. The most uncertain
element, however, is what effect the space shuttle
crash will have on science and technology policy.
Because the disaster occurred only two days
before the Budget Message was released, depart-
mental budget requests had already been set and
the accident’s influence is not reflected in them.
For those reasons, it is difficult to predict how
close the budget that is finally passed after
Congressional deliberation will be to the
president’s Budget Message. However, since the
Republicans, the president’s party, have held
majorities in both the Senate and the House of
Representatives since last autumn, Congress is
likely to seriously consider the president’s
proposals.
9.3 Overview of the fiscal
2004 Budget
Figure 1 gives a breakdown of the fiscal 2004
research and development budget (as proposed by
the president), while Figure 2 shows percentage
increases in the fiscal 2004 budget (as proposed
by the president). In keeping with the Bush
Administration’s emphasis on defense, the DOD
research and development budget is much larger.
Breaking that down, the budget for weapons
systems development, including missile defense
development programs (See Footnote 2), greatly
increased, while the budget for basic research
Footnote 1:
For the fiscal 2003 budget, this report uses
figures from the actual DOD budget, while
figures for other bodies are from the presi-
dent’s Budget Message.
Footnote 2:
In the fiscal 2004 president’s Budget
Message, funding for missile defense develop-
ment programs increased 22 percent over the
previous year, to $8.3 billion.
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declined by 7.7 percent and that for applied
research by 14.4 percent.
The National Science Foundation’s (NSF)
research and development budget is up 10 per-
cent over the previous year, but this is less than
the 15 percent increase required to double the
NSF budget from fiscal 2003 to fiscal 2007 as was
officially decided last December.
Two-thirds of National Aeronautics and Space
Administration’s (NASA) overall budget-proposed
before the space shuttle crash-goes to research
and development, and their proposed R&D budget
for fiscal 2004 is 9.3 percent more than last year.
This is due to a large increase in the budget for
space science programs such as solar system
exploration. The space shuttle disaster, however,
may lead to a radical reassessment of NASA’s
programs, so this bears watching.
The National Institutes of Health’s (NIH)
research and development budget has steadily
increased through its budget-doubling campaign
(1999 through fiscal 2003), but with the end of
that campaign a mere 2 percent increase is
proposed for fiscal 2004. With inf lation at 1.9
percent, essentially there is no increase in the
fiscal 2004 budget. However, because NIH made
major one-time capital investments during fiscal
2003 (See Footnote 3), the R&D program budget
for fiscal 2004 in effect will increase by 3 to 5
percent.
The research and development budget for the
new Department of Homeland Security (DHS) is
31.5 percent greater than last year. This is largely
due to the creation of budget for the Homeland
Security Advanced Research Projects Agency
(HSARPA)(See Footnote 4) starting in fiscal 2004.
Footnote 3:
NIH’s requested capital investment budget
was $769 million for fiscal 2003, and $80 for
fiscal 2004.
Footnote 4:
HSARPA is a funding agency under the
Directorate of Science and Technology of the
DHS. It is modeled on DOD’s Defense Ad-
vanced Research Program Agency (DARPA).
Figure 2: Percentage increases in (president’s proposed) fiscal 2004 budget vs. previous year
Source: AAAS Preliminary Analysis based on OMB data for R&D for FY 2004
Figure 1: Breakdown of (president’s proposed) fiscal
2004 budget
* DOD: Department of Defense, NIH: National Institute of
Health,
NASA: National Aeronautics and Space Administration,
DOE: Department of Energy,
NSF: National Science Foundation,
USDA: United State Department of Agriculture,
DHS: Department of Homeland Security
Source: AAAS Preliminary Analysis based on OMB data for
R&D for FY 2004
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9.4 Signs of priorities shifting
from life sciences to physics
Figure 3 shows changes in government research
and development budgets by field over time.
The large increase in NIH’s budget due to the
NIH budget-doubling campaign caused an imbal-
ance in the distribution of the R&D budget among
fields.The fiscal 2004 president’s Budget Message,
however, shifts emphasis from the life sciences to
mathematics and physics. For example, while the
NIH budget increases only slightly, the Department
of Energy’s (DOE) research (See Footnote 5)
budget, which goes primarily to fields such as
mathematics, physics, and computer science,
increases by 8.1 percent, while that of the NSF’s
Directorate of Mathematical and Physical Sciences
increases by 12.7 percent.
9.5 Conclusion
Announced while the situation in Iraq grows
more critical, the president’s fiscal 2004 Budget
Message greatly increases the defense develop-
ment budget, with missile defense development
programs alone increasing by 22 percent over the
previous year to $8.3 billion.This is comparable to
the entire DOE research and development budget,
and greatly exceeds that of the NSF. Despite the
fact that only two months earlier it was officially
decided to double the NSF budget from 2003 to
2007, the Budget Message failed to meet the
needed track of a 15 percent increase. Another
characteristic of the fiscal 2004 Budget Message
was the shift in priorities from the life sciences to
mathematics and physics.
The president’s Budget Message must be sent to
Congress. There are many Congressional support-
ers of the campaign to double the NSF budget.
Because average citizens tend to be more inter-
ested in the life sciences than in mathematics and
physics, it is very possible that Congress will
support a return of emphasis to the life sciences.
For those reasons, a number of conflicts can be
expected before a budget bill is actually passed. In
the meantime, the fiscal 2003 budget remains to
be settled.
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Footnote 5:
The DOE is the federal government's largest
sponsor of research in mathematics and
physics.
Figure 3: Changes in government R&D budgets by field
Source: AAAS Preliminary Analysis based on OMB data for R&D for FY 2004 and AAAS 
Report: Research and Development FY 2003, FY 2002, FY 2001, FY 2000, FY 1999, FY 
1998
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It is essential to enhance survey functions that underpin policy formulation inorder for the science and technology administrative organizations, with MEXT
and other ministries under the general supervision of the Council for Science and
Technology Policy, Cabinet Office (CSTP), to develop strategic science and
technology policy.
NISTEP has established the Science and Technology Foresight Center (STFC)with the aim to strengthen survey functions about trends of important
science and technology field.  The mission is to provide timely and detailed
information about the latest science and technology trends both in Japan and
overseas, comprehensive analysis of these trends, and reliable predictions of
future science and technology directions to policy makers.
Beneath the Director are five units, each of which conducts surveys of trendsin their respective science and technology fields.  STFC conducts surveys and
analyses from a broad range of perspectives, including the future outlook for
society.
The research results will form a basic reference database for MEXT, CSTP, andother ministries.  STFC makes them widely available to private companies,
organizations outside the administrative departments, mass media, etc. on NISTEP
website.
The following are major activities: .........................................................................................
1. Collection and analysis of information on science and technology
trends through expert network
— STFC builds an information network linking about 3000 experts of
various science and technology fields in the industrial, academic
and government sectors. They are in the front line or have
advanced knowledge in their fields.
— Through the network, STFC collects information in various science
and technology fields via the Internet, analyzes trends both in
Japan and overseas, identifies important R&D activities, and
prospects the future directions. STFC also collects information on
its own terms from vast resources.
— Collected information is regularly reported to MEXT and CSTP.
Furthermore, STFC compiles the chief points of this information as
topics for “Science and Technology Trends” (monthly report).
About SCIENCE AND TECHNOLOGY FORESIGHT CENTER
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2. Research into trends in major science and technology fields
— Targeting the vital subjects for science and technology progress,
STFC analyzes its trends deeply, and helps administrative
departments to set priority in policy formulating.
— STFC publishes the research results as feature articles for “Science
Technology Trends” (monthly report).
3. Technology foresight and S&T benchmarking survey
— STFC conducts technology foresight survey every five years to
grasp the direction of technological development in coming 30
years with the cooperation of experts in various fields.
— STFC benchmarks Japan’s current and future position in key
technologies of various fields with those of the U.S and major
European nations.
— The research results are published as NISTEP report.
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